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nriie last few jr^ars hia^e seea tlae extreinely' rapicd development of 
naao-ybranclxes olplifsicala^nd engineering sciences, TTlns rapid develop- 
oieratb-as 1)01311 its ad\raiitages and disadTanta^ges. Its ai'vantages bing 
QiiifceekioiLS, it seems worthwhile to iisexass some of its disadvaatages. 
'^itifclie inereasiagxvoluiine of kriowleige in all tranclaes, thieworlcer in 
any field is lanahle to folb-wtlie information ia a very wide field and, 
tiherefore, rapidly hecomes specialized. This increasing specialization 
sometijmes results in the adoption, of a specistl language by publications 
in one Iretncln, which ina,y differ so mncli from laxiguiage adopted in other 
bimchtes thebtthe research worker la a neighboring field ma>r have to go 
into pbiblogical aridsenantic studies before being a, tie to understand tie 
jDieaning of some of the papers- 

T-'h-C growing mnmter of p-ublicntions creates a-riotler diffitnilty. It 
■becomes more and more perplexing for the rejsea^rchi. ¥ork:er togatber all 
inforiDLation reqtnired wlien attacking a new sixtject, or lyhien supplement¬ 
ing his own knowledge by informatioa from neigh.looring fields. 'These 
difficulties are not new; they existed heforetbe war tb-ough the aspect is 
now qLiiantibati'vely different. When tie total nii.inber of publications 
is coDLsidered it becomes iiaperatiw to prodnee some gnido to the 
research worker w'lo wishes to acquaint himsolf 'with advancos in rola-ted 
fields. 

In the Hold of electronics, after lecogriziing thto need for producing 
summaiies of some biad, we faced another dilTicnlty. Originally, the 
ivord electronics meant tKat hraneb of science dealing lith electrons, 
dradixally the devices askg electrons wero included sind tketime came 
ikm electronics referred to the whole Irancb of science and technology 
dealing witb tbe devices that use free eleetrans. Unfortunately, the 
m&aning of the ford was not fked ever tben, find, commercial paMcity 
heLpiag, the vorci eloctionics gradually degenerated until it not only 
designated the instram&nts using free electrons but alsea-lltbe associated 
circuitry- By folloring the modern trend the editor sand publishers of this 
volimewere faced with the problem of including either a -very wide selec¬ 
tion of rewie'ws dealing with extremely difFerent sul> jec ts, or using a sone- 
wkat arbitrary defiaition of the word electronics aud thus limiting the 
choice of materials to a reasonably restricted field. 
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PREFACE 


In agreement with the publishers, the Board of Editors of these vol¬ 
umes preferred to choose the second alternative. The choice made is best 
defined by the following excerpt from the “Outline of Editorial Policy.” 

“The ‘Advances in Electronics’ is a yearly publication of articles 
devoted to the general field of electronics. This term ‘Electronics’ is 
often used in a rather broad sense; for the purpose of limiting the scope 
of this publication it seems useful to define what we wish to include here. 
Our intention is to publish critical and integrated reviews of specific 
topics in the field of physical electronics and in selected fields of engineer¬ 
ing electronics. Physical electronics usually embraces the basic physics 
of charged particles (both positive and negative): emission phenomena, 
shaping and guiding of beams, space charge effects, interaction with 
matter, etc. Engineering electronics usually embraces the methods and 
instrumentation for practical application of such charged particles in the 
numerous devices which use them. We wish to impose a certain limita¬ 
tion on the discussion of the instrumentation: too often in technical litera¬ 
ture a discussion of the circuitry becomes so preponderant that in some 
people’s minds the word electronics means high frequency circuit engineer¬ 
ing. To avoid confusion, we wish to make clear that, although the 
circuits are inseparably bound to the electronic devices, we desire to limit 
the discussion of circuits to a reasonable minimum. In thus outlining the 
scope of the publication, the emphasis should be on the fundamental part 
of the progress rather than on the accessories.” 

In spite of some minor difiiculties (slow release of classified material, 
etc.), it is hoped that part of the goal has been reached in this first volume. 
No such work, however, can be perfect and, therefore, it is sincerely 
hoped that future editions may be improved by criticisms and suggestions 
from the readers of this publication. 

To finish, I express my deepest appreciation for the generous help and 
advice given by the members of the Editorial Board, and also acknowledge 
the help of such friends who were kind enough to take over the critical 
reading of some of the manuscripts. And, last but not least, I am 
indebted to the authors whose presentations make this volume possible. 


Washington, D. C. 


L. Marton 
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I. Inteoduction 

In 1939 Blewett published an extensive review article^ on “The Prop¬ 
erties of Oxide Coated Cathodes” in which, for the first time, the literature 
was carefully sifted to determine whether a coherent description of the 
oxide cathode could be constructed from the results of more than one 
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hundred separate and often conflicting experiments. Throughout the 
span of 44 years, during which oxide cathodes have been the subject of - 
both study and controversy, experimenters have described their results 
in terms of existing theories. With the advent of Wilson’s modern 
theory^ of semiconductors in 1931 many of the oxide cathode charac¬ 
teristics which previously were explained on the basis of superficial 
“mechanical” models could then be correlated under one coherent theory. 
In the interim between the publication of Blewett’s review and the close 
of World War II, a group of some thirty additional papers appeared and 
were listed in a literature survey^ made by the same author in 1945. 

During the war years, problems arising in the improvement and 
development of oxide cathodes for specific applications provided a 
stimulus for research into certain of the oxide cathode characteristics. 
As pointed out by Vick in a recent review,^ this wartime research served 
1) to investigate the thermionic emission capabilities of cathodes under 
microsecond pulsed conditions and 2) to study the interface region lying 
between the cathode base metal and the coating, the latter because of its 
possible influence on the cathode’s thermionic emission properties. 
Although both of these important characteristics were recognized prior 
to 1941, exigencies of the war accelerated this kind of work and at the 
same time channeled research activities into a relatively small number of 
research laboratories. 

It is the purpose of this review to discuss in detail some of the more 
recent oxide cathode researches, to re-examine certain of the earlier 
publications in order to ascertain whether the experimental results are 
consistent with the modern theory of semiconductors, and to suggest, 
where possible, new experiments which may lead to a more complete 
understanding of the oxide coated cathode. 

The subject matter is grouped under three broad headings, properties 
of the coating, properties of the interface, and properties of the complete 
cathode, followed by a short discussion of thin oxide film phenomena. 
It is hoped that a separation of the interface and coating phenomena will 
lead to a better understanding of each before considering the influence of 
both in the complete cathode. This division, in certain cases, is an 
arbitrary one and future study may lead to a considerably different 
classification of “cause and event.” 

Although the thermionic emission properties of many materials have 
been examined, only the alkaline earth oxides combine the features of 
high efficiency, reasonable stability, and long life. Thoria, Th02, shows 
promise of providing even greater stability and life but at a much lower 
efficiency.® This discussion will be confined solely to the alkaline earth 
oxides for within this group the properties are closely related. 
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II. Propekties op the Coating 

Present day oxide coated cathodes are prepared by first applying 
carbonates of the alkaline earth elements to a base metal and then con¬ 
verting the carbonates to oxides in vacuuih. The carbonates may con¬ 
sist of mixed BaCOs and SrCOa or a coprecipitated solid solution of the 
carbonates (BaSr)C 03 although occasionally a few per cent of CaCOa is 
added. The base metal, usually nickel, may be an electrolytic nickel of 
high purity or a nickel alloy containing a few per cent of reducing ele¬ 
ments, e.g., silicon, titanium, magnesium, manganese, etc. 

While exhausting the tube containing the cathode, one applies heat 
to convert the carbonates to the oxides through the evolution of carbon 
dioxide. At the conclusion of the conversion process, sometimes referred 
to as “break down,” the cathode is activated by heating alone (thermal 
activation) or through the drawing of emission current in increasing steps 
of current density. Preferably the activation process is carried out while 
the tube is under exhaust so that gases which are evolved may be com¬ 
pletely removed. It is a common industrial practice however, to activate 
the cathode in the sealed off and gettered vacuum tube. 

Prior to the introduction of the interface concept, oxide cathode 
research was directed primarily toward a study of the oxide coating, 
particularly the relationship between the physical and chemical properties 
of the coating and the thermionic emission capabilities of the cathode. 
Many well-intended experiments designed to examine the effect of one 
coating parameter have produced ambiguous results due to the difficulty 
of maintaining the other parameters, some possibly unknown, fixed 
during the experiment. Certain coating parameters are subtly inter¬ 
related, e.g., impurity content and particle size, so that unless precau¬ 
tions are observed, spurious effects cannot be eliminated. Changes in 
extraneous parameters must constantly be guarded against in experi¬ 
ments designed to examine the effect of only one coating variable. 
Humidity fluctuations, variable processing conditions, unknown base 
metal conditions, the formation of interfaces, etc., have undoubtedly 
influenced the outcome of many experiments and resulted in the existing 
confusion concerning the relationship of certain coating parameters to the 
thermionic behavior. This section deals with those coating parameters 
which are probably not influenced by interface considerations, yet are 
related to the electronic properties of the cathode in a fundamental man¬ 
ner. Effects of particle size, coating weight and density, and details of 
the conversion process are thus excluded. 
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1. Monolayer Theories of Emission 

Prior to the iatroduction of the modern theory of semiconductors, 
cathode emission theories were ba-sed upon mechanisms for lowering the 
normal work; fanction of the base metal. Due to the similarity between 
the actiwation procedure for thoriated-tnngsten emitters and oxide 
cathodes, it was natural that similar theories were developed. 

Becker® suggested that in active cathodes a monolayer of free barium 
or strontiuiri was present on or near the external surface of the cathode 
amd h.e carried out many ingenious experiments which were consistent 
with this point of view. Lowry'^ placed the activation monolayer at the 
base metal surface since his experiments indicated a decided dependence 
of enxission on the core material. A. further point of difference between 
the two theories, other than the exact location of the monolayer, lay in 
the role assigned to the cathode coating. Becker assumed the electronic 
conductivity of the coating to he sufficiently great that electrons could 
freely move from the base metal to the external surface where the total 
work function was located and wherein lay the “seat of emission." 
Lowry considered the ‘^seat of emission" to exist at the core and the 
coating to he very poorly conducting so that electrons emitted at the 
surface of the base metal diffused through the interstices of the coating. 
This seemed not too improbable for the interstices of most coatings 
occupy nearly three-quarters of the total volume. The decay of emis¬ 
sion with life and the low emission properties of a glazed cathode were 
explained as being due to a sinteriug of the coating which blocked the 
outward diffusion of electrons. A. pseudo space charge of electrons in the 
coating interstices near the surface was used to explain the non-saturating 
emission, characteristics. Reimannand Murgoci® found a correspondence 
between saturation of the conduction current and saturation of the 
emission, current and, like Lowry, placed a monolayer of barium or 
strontium at the base metal. Transport of electrons to the outer surface 
of tb.e coating was facilitated by a process of barium ion conduction 
through th.e crystals and re-emission across the interstices between 
crystals- 

A-lthough these theories were proposed at about the same time the 
Becker theory has been more generally accepted. In one- experiment 
designed to differentiate between the two models, Becker and Searst 
found the emission current to drop by four orders of magnitude when the 
coating was removed from the base metal by a mechanical shock. More 
recently, Jones^® reported the removal in vacuum of only the outer sur¬ 
face layers of the coating and. the subsecLuent decreases in emission by 
three orders of magnitude. The cathode which was deactivated by 
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removing the entire coating could not be reactivated by thermal treat¬ 
ment whereas the activity of Jones’ cathode was completely restored. 
This occurred, presumedly, due to the formation of a new monolayer on 
the freshly exposed surface. Certainly the external surface of the 
cathode cannot be neglected in theories describing electron emission from 
oxide cathodes though it seems incorrect to suspect that the emission is 
controlled only by the work function of this external surface. 

The total work function is related to the energy required to carry an 
electron from the base metal to an infinitely distant point outside of the 
cathode. When atoms are adsorbed on the outer surface of a naaterial 
their influence on thermionic emission is usually described by stating the 
change, which they produce in this work function, <l>. A lowering 
of the potential barrier at the surface of the cathode was considered to 
come about due to the formation of a double layer at the surface either 
through a polarization of the adsorbed atoms, adatoms, through the 
partial ionization of the adatoms, or both. In terms of the average 
dipole moment per adatom, M, the reduction in work function is“ 

A<!!> == 47rJW"i7 (1) 

where v is the number of adatoms per unit area. The value of M is not 
entirely independent of rj, particularly for large values of the concentra¬ 
tion. The adsorption of barium atoms on the outer SrO surface, see 
section II-3, would probably take place through a bonding between the 
barium adatoms and the oxygen atoms of the exposed lattice. If the 
100 plane of the SrO face centered cubic lattice lies in the surface, approxi¬ 
mately 1.4 X 10^® oxygen sites/cm.^ are exposed. As judged by its 
interatomic spacing in the metallic lattice, barium atoms are of such a 
size that only about half of the oxygen sites could be occupied. ^ Assuming 
that the average dipole moment remains constant, the thermionic emis¬ 
sion should increase as rj becomes larger. It is generally believed that v 
will not increase much beyond the value corresponding to a monolayer 
coverage due to the very large reduction in the oxygen bonding aflinity 
for more than one adatom. 

The electron diffraction technique has been used to examine the active 
emitting surface of a cathode with the expectation of confirming or deny¬ 
ing the presence of a monolayer of adatoms. Darby shire’s earlier 
experiments were interpreted as evidence for a surface layer barium 
although more recently, Huber and Wagner^® found no conclusive evi¬ 
dence for the existence of this monolayer. 

In view of the success already achieved by the modern theory of 
semiconductors, it seems possible that the ''seat of emission” need not be 
associated with a monolayer of adatoms. The seat of emission may 
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be found at the impurity centers located in the crystal but near the sur¬ 
face, say within an electron mean free path. The presence of lattice 
defects near the surface might easily give rise to a much greater concen¬ 
tration of impurity centers there than would be found throughout the 
bulk of the crystal. Until simultaneous measurements are made of the 
Hall coefficient and the electrical conductivity, we can only speculate 
concerning the electron mean free path. However, it seems not too 
improbable that this may be more than a few interatomic distances. 

2. The Modern Theory of Semiconductors 

Wilson’s theory^ pertaining to the impurity type of semiconductor 
has been notably successful in linking together a wide variety of the 
physical characteristics of certain of the nonmetals. Within recent 
years the explanation of many oxide cathode experiments has been sought 
on the basis of this theory. In view of the experiments of Becker and 
others it is assumed that a stoichiometric excess of barium, rather than 
oxygen or other foreign atoms, gives rise to the semiconductor charac¬ 
teristics. Thus we are led to the model of an excess impurity semiconduc¬ 
tor, referred to as a semiconductor of the N type. A material containing 
an excess of the electronegative element and thus a deficiency of the 
electropositive element is known as a semiconductor of the P type. Few, 
if any, experiments are reported which show conclusively that (BaSr)O 
or BaO is an excess semiconductor. Nevertheless, those properties of 
the cathode coating which are amenable to test and have been studied 
agree fairly well with the behavior expected of a semiconductor of either 
the N or P type. Certainly the way is now open for experiments to 
definitely prove or disprove whether the oxide cathode actually has char¬ 
acteristics predicted for semiconductors, and if so to indicate whether it 
is of the N or P type. 

Current interest in the electronic properties of the nonmetals has 
given rise to a group of articles^^’^®'^®*’^^ which review the basic principles 
of semiconductors. Following the quantum theory, the electrons in a 
crystal are considered to occupy certain discrete energy states or levels. 
Application of the exclusion principle prohibits more than two electrons 
from occupying the same quantum state. This may be thought of as a 
spreading of the normally well spaced energy levels of an isolated atom, 
each level giving rise to a closely spaced group of levels. Thus the 
allowed energy states are not uniformly distributed in energy but are 
grouped into bands of closely spaced levels, separated by rather wide 
forbidden regions. An isolated atom possesses, in addition to the nor¬ 
mally occupied energy levels, a number of excited states representing 
possible energy configurations of higher total energy. Similarly, the 
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crystal may possess one or more energy bands which are not occupied at 
absolute zero since the electrons prefer the states of lowest energy. These 
normally unfilled levels comprise the conduction band, for it is the 
motion of free electrons of these energies which is responsible for the 
electronic conductivity of the material. As the temperature is increased, 
some electrons may acquire sufficient energy to occupy certain levels in 
the conduction band. If, however, a large energy gap separates the two 
bands, relatively few electrons will make this transition. When the 
energy width of the forbidden region is large, say 10 electron volts, the 
material is called an insulator; if the energy gap is only a few electron 
volts, we have an intrinsic semiconductor. The presence of impurity 
atoms may add levels in this forbidden region and thus provide a source 


X 



Fig. 1.—Energy level arrangement for excess impurity semiconductor. 

of more readily available electrons, due to the lesser energy which is 
required to produce a transition to the conduction band. Fig. 1 illus¬ 
trates the energy level configuration of an N-type, impurity semiconduc¬ 
tor. Possible electron energy levels are represented by the vertical scale 
whereas a space variation is indicated horizontally. Zero energy is 
taken as the electrostatic potential inside the crystal, and the electrostatic 
potential just outside the semiconductor is —The energy of an 
electron just outside the semiconductor is — the energy at the bottom 
of the conduction band is eo, and the energy of the impurity levels is 
€o — Ae. The energy gap separating the filled band and eo is usually 
large compared to Ae, hence it is not necessary to consider energy transi¬ 
tions from the filled hand. 

The symbol represents the chemical potential of the electrons and 
for the N-type semiconductor, falls between eo and eo — Ae.* By the 
chemical potential we mean the partial molar free energy of the electrons, 

* Conyers Herring has very recently pointed out that if the number of impurity 
centers exceeds the number of available electrons /x may be in the vicinity of eo — Ae. 
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this term occurring as a parameter in the Fermi distribution function 
where P, the probability that a conduction energy level € is occupied, is, 

P = - ( 2 ) 

e + 1 

The analogy between this and the distribution function for metals has 
led to the use of the term “Fermi level” for the chemical potential. 

The quantity Xj representing the difference in energy between the 
bottom of the conduction band and a position just outside the surface, is 
known as the electron affinity of the crystal or the surface work function. 
As we shall presently see, the release of an electron from the crystal 
requires an energy e<f>; <j> is known as the total thermionic work function. 
At absolute zero rib electrons are usually considered to completely occupy 
the bound impurity levels whereas the conduction band is completely 
empty. At some higher temperature rif free electrons are found in the 
conduction band leaving rib — rif electrons at the impurity centers. 
These terms represent electron densities since a unit volume is considered 
in each case. 

The particular physical model which the impurity levels represent 
is subject to considerable speculation. An N-type impurity semi¬ 
conductor characterized by a stoichiometric excess of the metallic element 
may dispose the excess atoms either interstitially throughout the lattice 
or at normal lattice sites. This latter arrangement is achieved only by 
the deficiency of electronegative atoms from the same number of lattice 
sites as there are excess electropositive metallic atoms. Either of the 
two models provide a source of readily available electrons, electrons 
trapped in the field of the interstitial metallic ions or electrons trapped at 
lattice defects, caused by missing electronegative atoms. The term “F 
center” designates a lattice defect of the latter type. The P-type 
impurity semiconductor, characterized by a stoichiometric deficiency of 
the metallic atom, has impurity levels just above the filled band and 
conducts due to the motion of electron vacancies or “holes” in the filled 
band. This form of impurity semiconductor may likewise be described 
but using for a model the disposition of excess electronegative atoms 
interstitially or at regular lattice sites. In this case F centers are formed 
due to missing electropositive atoms. Either of these arrangements 
provides a “trap” for electrons which may be excited from the filled 
band. Although both physical models may be used for the N- and 
P-type semiconductors, the interstitial arrangement has been preferred 
for N-type materials and the F-center model is generally used to explain 
P-type behavior. 
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The semiconductor properties of oxide cathode coatings have often 
been attributed to interstitial barium or strontium atoms believed to 
contribute one or two valence electrons to the conduction band through 
the acquisition of sufficient energy to separate the electrons from the 
remaining ion. In view of atomic size considerations, use of the F-center 
model may be more appropriate. The Goldschmidt ionic diameters of 
barium and strontium are 2.86 X cm. and 2.54 X 10~® cm. respec¬ 
tively, compared with the maximum atomic interspace of about 1 X 10“® 
cm. in BaO. Certainly a very distorted and considerably stressed lattice 
would result from the interstitial arrangement. The F-center model, 
wherein certain oxygen lattice sites are vacant, is capable of providing 
all of the electronic behavior required of an interstitial impurity center 
without markedly distorting the lattice. 

Certain details concerning the nature of the filled band of the alkaline 
earth oxides have been determined. O’Bryan and Skinner^® have made 
use of the line breadth of long wavelength x-ray emission spectral lines 
to evaluate the widths of the uppermost filled bands. They are; BaO, 
SAeV; SrO, 9.2eF; and CaO, lO.SeF. These uppermost filled bands of the 
oxides are believed to originate from the L shell, p electrons of the oxygen 
ion. If the alkaline earth oxides behave as N-type semiconductors, 
details of the filled band are of little consequence in determining the 
electronic properties of the coating at, normal operating temperatures 
although this information is of possible use in interpreting the optical 
absorption spectra. 


S. Physical Structure of the Coating 

X-ray diffraction techniques have provided a valuable tool for 
examining the physical structure of the oxide cathode coating. Vegard’s 
rule is found to apply to solid solutions of the oxides, in that the lattice 
constant of the solid solution varies linearlywith composition and 
continuously from 100% BaO to 100% SrO (see Fig. 2). Burgers^® 
showed that when a mechanical mixture of BaCOs and SrCOs was 
decomposed in vacuum a simple conversion to the mixed oxides, BaO 
and SrO, occurred. Further heating caused the formation of a true 
solid solution, (BaSr)O. In a similar investigation, Benjamin and 
Rooksby^® reported an increase in the d.-c. emission from the homo¬ 
geneous oxide solid solution over the emission obtained from the mixed 
oxides. This dependence was related to the well known variation of 
d.-c. thermionic emission with solid solution composition, first observed 
by Benjamin and Rooksby,^! Fig. 3. A similar dependence of pulsed 
emission on solid solution composition was recently reported by Veene- 
mans^^ and Widell.^® Considering that the oxide coating behaves as an 
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excess impurity semiconductor,. a qualitative explanation^® was offered 
for this behavior. The lattice of the oxide solid solution is distorted 
owing to the different size metallic atoms occupying a common lattice. 
As a result, the energy Ae required to release an electron from an impurity 



O 6L0CKER O BURGERS • HUBER and WA6ENER 

Fig. 2. Variation of lattice constant with composition for solid solutions of (BaSr)O. 

See ref. 13. 



Fig. 3. —Dependence of d.-c. emission on mol per cent Sr content of (BaSr)O 
cathode. Solid line, carbonate content before heat treatment; broken line, oxide 
content after activation. See ref. 21. 
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center to the* conduction band may be less than that required if the 
impurity had been in the more perfect lattice of the pure oxides. As we 
shall see later, conductivity and thermionic emission depend on the 
number of free electrons in the conduction band. Values of Ae have been 
determined only for SrO and (BaSr)O (see section IY-5), and these are 
in agreement with the above hypothesis. Thus it seems that the position 
of the energy levels of the impurity atoms relative to the conduction band 
is subject to change, depending on the neighborhood surrounding the 
impurity center. 

Changes which occur in the oxide composition are due principally 
to the preferential evaporation of Ba or BaO from the external surface 



Fig. 4.—Change in composition vs. depth below the surface, showing formation of 
BaO-deficient surface layer. Cathode heated without drawing anode current. 

of the cathode. The lower vapor pressure SrO remains and within a 
short time, usually by the completion of conversion, the outer surface 
is free of BaO. The formation of a BaO-deficient surface must result 
from the fact that the rate of surface evaporation exceeds the rate of 
migration to the surface. Gaertner,^^ Darbyshire,^® and Huber and 
Wagener,^® using electron diffraction techniques, agree that in activated, 
initially equal molar cathodes the surface consists of nearly pure SrO. 
Burgers^^® showed that relatively thick BaO-deficient surface layers could 
be detected using x-rays. A method of analysis^® was devised which 
allows a calculation of the variation of composition with depth below the 
surface to be made from the x-ray scattering pattern. Fig. 4 shows the 
results of one such analysis. In 116 hours a surface layer containing 
less than 10% BaO covers the surface to a depth of about lO"'^ cm. while 
at 1205 hours this layer has a thickness of 3 X 10”^ cm. Changes in the 



12 


ALBERT S. EISBNSTEIN 


bulk composition are seen by comparing the respective compositions at a 
depth of say 10“® cm. Although reducing elements present in the base 
metal strongly influenced the bulk loss of BaO, impoverishment of the 
surface layers was influenced to a lesser extent. 

The influence of the nearly pure SrO surface layers on the oxide 
cathode’s emission properties remains somewhat problematical. Since 
the physical nature of the external surface is relatively independent of the 
bulk oxide composition, it seems not unreasonable that the electron 
aflfinity x should be found independent of composition also (see section 
IV-5). Under pulsed emission conditions, the lower conductivity of the 
SrO outer layer may influence®'^ the maximum current which may be 
taken. Undoubtedly the end of cathode life is reached at about the 
same time the concentration of BaO is depleted in the entire coating. 
However, it is not certain that the two are related only by the functional 
variation shown in Fig. 3. A reduction of the BaO content over a long 
period of time may influence the interface properties so as to hasten the 
end of life. 

The technique of electron projection tube microphotography has 
been used extensively to examine the surface of an emitting oxide coating. 
A pattern of light and dark patches are observed on the viewing screen, 
and it is generally assumed that each emitting patch is due to the emis¬ 
sion from a single oxide particle, although these patches might represent 
interstices of the coating. Heinze and Wagnerobserved the emission 
pattern of a small group of well separated oxide crystals on a base metal 
and found it to be identical with an optical photograph showing the 
location of the crystals. If the particles were indeed single crystals, the 
emission must have originated at the crystal faces. Mecklenburg^® used 
a projection tube capable of magnifications up to 50,000 X which per¬ 
mitted the identification of emission patches as small as 400 A. in size. 
Such patches may well represent emission from single crystals since the 
size is in fair agreement with the lower limit of the oxide crystal size as 
determined by x-ray line breadth measurements.®® 

A working model of the normal oxide coating will consist then of a 
relatively thick layer of (BaSr)O which changes in composition near the 
surface to pure SrO. 

Conductivity 

Measurements of the electronic conductivity of materials and the 
comparison of these results with theory has provided an effective means 
for classifying many substances. The specific electronic conductivity 
of a sample cr, defined as the current-voltage ratio between opposite faces 
f or a cube of material of unit volume, is related to the number of conduc- 
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tion electrons n/ and their mean mobility v. Thus, 

<r = n/ev (3) 

where e is the electronic charge. 

Now, relating^® the mean mobility to the electron mean free path I which 
is assumed to have a constant value Iq, at a temperature T, 


3(27rm*kT)i 


(4) 


where k is Boltzmanns constant, m* is known as the effective mass of 
the electron being in general unequal to the electronic mass for electrons 
in a filled band but replaceable by the electronic mass for electrons in 
the conduction band. The use of this term does not imply fa true 
change in mass but rather a change in the behavior of the electron in 
an applied external field. 

The density of electrons in the conduction band is related to the 
density of impurity levels and to a Boltzman factor. This relationship’^ 
is, 

(5) 


where h is Planck’s constant. 

Introducing this value in eq. (4) gives, 

o- = ^ nbi {2Trm*kT)ie 


( 6 ) 


Except for very high temperatures, A6/2 /cT, and the temperature 
variation of conductivity is due primarily to the exponential term. 
Eq. (6) is usually related to the experimentally observed temperature 
variation of conductivity which is written, 


where 2Q is equivalent to the thermal activation energy Ae. The 
coefficient K which determines the magnitude of the conductivity may, 
over a limited range of temperature, be regarded as a function only of the 
density of activation centers n^. 

Making use of the relationship’^ for the location of the chemical 
potential /a, 


y- 


A€ kT, r “I 

2 2 L2(2xm*A:T)U 


( 8 ) 
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and substituting for A6/2 in eq. (5), we may express the density, of con¬ 
duction electrons ri/, 

fX“~- €0 

Uf i2irm*kT)U~^ 

and substituting this value in eq. (4), 

07 2 iiZll? 

<r = ^ (, 27 rm*kT)e 

This conductivity expression contains the density of activation centers 
716 implicitly in the chemical potential ja. An increase in ni, say during 
activation of the cathode, will bring about an increase in jj. and thus 
increase the conductivity of the coating. The presence of ni contained 
implicitly in the exponential term of the latter conductivity expression 
does not invalidate the earlier comparison of the experimental and 
theoretical temperature dependence. A plot of the logarithm of specific 
conductivity a, as a function of the reciprocal temperature 1/T over a 
limited range, should, if the sample behaves as a semiconductor, yield a 
linear variation. The slope of this line is h.e/2'k from which Ae may be 
evaluated. Unfortunately, a test of this type is a necessary but not a 
sufiS-cient condition for electronic conductivity. Ionic conductivity also 
obeys an exponential temperature variation, hence measurements of 
transport numbers are required to fix the nature of the charge carrier. 

The importance of the conductivity of oxide cathode coatings has 
led to a number of investigations, carried out usually under differing 
conditions so that direct comparisons of the results are difficult. Con¬ 
ductivity measurements are frequently made on bulk samples of the 
oxide. However, when a comparison with other of the cathodes’ prop¬ 
erties is desired, the conductivity of emitting cathode coatings may be 
determined. Measurements of the latter type are frequently influenced 
by the presence of the coating-base metal interface, hence the discussion 
of these studies will be deferred until a later section dealing with the 
properties of the complete cathode. The true specific conductivity of 
coating materials has not been measured, but rather an effective specific 
conductivity which is a function of the particle size, density of packing 
and degree of sintering. 

Blewett’s^ survey of the conductivity studies prior to 1939 gave values 
of the specific conductivity of BaO and (BaSr)O at 1000°K. varying from 
10~® ohm~^ cm.“^ to 10~^ ohm“^ cm.”^ Conductivities less than 10“^ 
ohm"^^ cm."^^ were reported for unactivated or loosely packed samples 
whereas all activated oxide coatings gave conductivities above 5 X 10“® 
ohm“^ cm."’- Meyer and Schmidt®^ compressed a layer of BaO between 
nickel blocks and determined the conductivity using an a.-c. method. 


(9) 

( 10 ) 
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The use of nickel contacts raises the possibility that an interface con¬ 
ductivity is included in their experiments which otherwise represent an 
excellent treatment of the problem. Thermal activation of their sample 
was found to increase the conductivity at 1000°K. by a factor of 500. 
The activated state of BaO showed a temperature behavior described by 
eq. (7) with a thermal activation energy Ae of 1.2ey. Unactivated BaO 
showed a much higher activation energy, Ae for this state being about 
5eV and indicating perhaps, the behavior of an intrinsic semiconductor in 
which the electrons were supplied from the filled band, 6 eF below the 
bottom of the conduction band. A plot of log o- vs. 1/T for this unac¬ 
tivated state did not yield a single straight line in accord with eq. (7) but 
instead, two lines intersecting at a point corresponding to about 1200 °K. 
The low temperature slope corresponded to a somewhat higher activation 
energy than did the high temperature section. 

An experimental arrangement which avoids the objection of including 
the interface conductivity in measurements of the coating conductivity 
is described by Eisenstein.®® The oxide sample sprayed onto the surface 
of a MgO ceramic rod contains two imbedded platinum contactors and 
between these, two platinum probes. A current flowing between the 
contactors gives rise to a potential drop in the oxide between the probes 
which is measured using a null current method. If an interface is formed 
on the platinum probes, it will not enter into the coating conductivity 
measurements as zero current is taken through this interface. A knowl¬ 
edge of the current passing between the contactors, the potential 
developed between probes, the oxide thickness, and the probe separation 
was used to evaluate the effective specific conductivity of the sample. 

Curves 1 , 2 , and 3 of Fig. 5(A) represent the temperature variation of 
conductivity of a well activated sample, C-13. A thermal activation 
energy of only 0.52 to 0.71 eV is indicated from the slopes of these curves. 
Activation of sample C-14 by the passage of a high current density is 
shown in Fig. 5 (B) in which a change in activation energy from 3.2 to 
0 . 95 ey occurs. In Fig. 5 (C), the same sample was deactivated and then 
reactivated by chemical reactions with gases introduced into the vacuum 
system. Measurements of the conductivity were made in vacuum imme¬ 
diately following the treatment in gas at about 1100 °K. Assuming that 
a stoichiometric excess of barium enhances the conductivity, these curves 
may be explained as follows. Deactivation, from curve 1 to curve 2 
results from a decrease in the amount of excess barium rib of eq. ( 6 ), 
through oxidation by carbon dioxide. The introduction of hydrogen 
or CH 4 causes a reduction of the oxide to increase the excess barium con¬ 
tent and thus enhance the conductivity. Thus we see that chemical 
reactions are equally as effective as thermal activation and large conduc- 
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tion currents for creating a high state of coating activation. It is well 
known^^’^® that reducing materials present in the base metal of a cathode 
will, under certain conditions, give rise to an enhanced thermionic emis¬ 
sion. This may be due to some extent to an increase in the coating 


conductivity. 

Although there is general agreement between the experimental con¬ 
ductivity results and the theoretical predictions for any particular state 
of activation, certain details of this behavior require further comment. 

The change of slope which occurs with changes in the states of activa¬ 
tion, Fig. 5(C), is not predicted on the basis of the previous theoretical 
discussion, but is frequently observed in semiconductors, e.g., AI2O3, 
TiOa, Fe203, and ZnO. In addition, some of the curves show a ‘'break” 
similar to that found by Meyer and Schmidt.Nijboer®® has suggested 
that the number of impurity levels Ui may exceed the number of available 
electrons n*, particularly in the case of semiconductors in which the 
impurity consists of excess atoms of one constituent of the crystal. 
Having thus provided additional vacant impurity levels (nt, — rie) for 
electrons making downward transitions from the conduction band, if 
nf<K (rib — rie), then 


n/ 



i2Trm*kT)i 



( 11 ) 


However, if (ub — rie), the effect of additional vacant levels is 

negligible and the previously considered relationship, eq. (5), is valid if 
we replace rib by n«. Thus, at low temperatures the slope of a In cr vs. 
1/T plot should correspond to Aefk whereas at a somewhat higher tem¬ 
perature the slope is A6/2k. The critical temperature Tc in the neighbor¬ 
hood of which the slope changes, is given when n/ = (rib — rie), then, 

jub — They ^ i2Trm*kTc)^ Q~kTl ( 12 ) 

2ne — Ub 


For a given state of activation, this theoretical argument is capable of 
explaining a change in slope by a factor of 2, a value not entirely con¬ 
sistent with that observed in the previous experiments. Nor is this 
argument particularly attractive for explaining the variation in slope 
with the state of activation, for it would be necessary to postulate a 
change in the number of “frozen in,” vacant impurity levels due to an 
exposure of the sample to gases. This does not seem to be a likely 
occurrence. 

The appearance of the product n^U in eq. (4) prevents a unique 
determination of either of these fundamental parameters from a measure¬ 
ment of the conductivity alone. Supplying a probable value of U, as 
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indicated by th.e mean free path in other semiconductors, leads to at 
least an order of magnitude for n/ and rib. Eq. (4) may be written, 

n/ = 2.6 X 109 ™ (13) 

to 

for <r in ohms"^ cm.~^ Making use of the experimental value of a as 10“2 
ohm"^ cm.“^ at 1000°K., for probable values of lo between 2 X 10“^ 
cm. and 10“^ cm. and Ae == leV, corresponding values of n/ and are 
shown in Table I. 

Tablej I. Values of w/ and Ub computed from eq. (13) and eq, (5), respectively, using 
or = 10“9 ohm~^ cm.“^, T == lOOO^K., Ae = l.OelT, m* = m. 


lo (cm.) 

n//cm.8 

ni/cm.8 

2X10-8 

4.1 X 1018 

6.6X1017 

10-^ 

8.3 X 1018 

4.9 X 1018 


The use of larger values of lo or smaller values of Ae results in a break¬ 
down of eq. (5), which is applicable only when n/<$C When the 
number of conduction electrons approaches the number of impurity 
levels a reduction in the value of eo m should occur, giving a conduc¬ 
tivity slope less than Ae/2k. Under these conditions, the slope should 
vary slowly with temperature but not in a manner to explain the breaks 
in the curves. Whether the change of slope with activation. Fig. 5(C), 
can be explained on this basis is problematical and must await further 
conductivity measurements covering a wide range of temperatures. 

Two entirely qualitative theories have been proposed to explain the 
decrease of slope, A€/2k, with increasing impurity concentration rib. 
Mott®® suggests that as the concentration of impurity centers increases 
the average distance between such centers in the crystal decreases bring¬ 
ing about a mutual interaction of the bound electrons. This may cause a 
reduction in the binding energy and the value of Ae/2^. It is not neces¬ 
sary that the impurity centers become nearest neighbors for this inter¬ 
action to occur as the bound electrons may exist in orbits of radii several 
interatomic distances from the interstitial ion or vacant lattice site. 
Burton®’^ proposes a similarly satisfying qualitative explanation based 
on the presence of a few electron traps, e.g., vacant surface lattice sites, 
in the forbidden energy region between the filled band and the impurity 
levels. Fig. 1. Following the interpretation of /x suggested in section 
II-2, in the absence of impurity atoms the chemical potential would be 
located approximately midway between eo and the top of the filled band. 
For small values of rib, much less than the number of electron traps, the 
bop-nd electrons would shortly find themselves occupying the lower 
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energy electron traps and the m impurity levels would be nearly vacant. 
In this case n would represent an energy level less than €o — Ae and the 
slope of the conductivity plot, - €o)//f, eq. (10), would be considerably 
greater than Ae/2k. As n{, increases, the electron traps will become com¬ 
pletely filled with a corresponding reduction of (/^ — €o)A until the 
limiting value Ae/2/c is reached. 

Throughout this discussion it was assumed that the electron mean 
free path is independent of the state of activation and temperature. In 
general, the concentration of impurity centers is so small that interstitial 
atoms or vacant lattice sites will have a negligible effect on the mean 
free path. Over a wide temperature range, 600-1400°K., such as that 
covered in the various conductivity studies, the mean free path cannot 
be regarded as a constant. For this reason, measurements of the Hall 
coefldcient together with conductivity determinations are required. 

If the activation of oxide cathode coatings is due to an excess of 
barium either as an interstitial ion or at a lattice position, two valence 
electrons should be available for excitation to the conduction band. 
The removal of the first of these electrons may possibly be accomplished 
with less energy than is required to remove the second. Such a model 
postulates two energy levels and two slopes in the conductivity curve, 
the high temperature slope having a larger value than that below the 
“break” in the curve. That this has not been observed experimentally 
may be due to its occurrence in a temperature range above or below that 
covered in the previous experiments. Similarly, all semiconductors 
should show a “break” in the conductivity slope at high temperatures 
when transitions from the filled band become appreciable. 

Many of the nonmetals exhibit an enhanced conductivity on exposure 
to light. Photoconductivity®^ thus induced may be divided into two 
components; the application of an electric field gives rise to a primary 
current which ceases with the removal of the illumination and to a 
secondary current which continues for some time following the illumina¬ 
tion. This primary current results from an increase in n/ due to photon 
excited transitions from the filled band or from the impurity levels 
depending upon the wavelength of the exciting radiation. The second¬ 
ary current is due to a trapping of electrons at energy states near the 
conduction levels so that a small additional thermal excitation is required 
for their release to the conduction band. 

Photoconductivity in oxide coated cathodes is not reported in the 
literature and it is doubtful if measurements of its occurrence have been 
attempted. This is a phenomena whose investigation and study would 
add to our knowledge of possible energy transitions as well as trapping 
states of energy near the conduction levels. 
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5. Hall Coefficient 

The usefulness of Hall effect measurements on semiconductor mate¬ 
rials was indicated in sections IT2 and II-4. A single determination of 
the Hall coefficient at one temperature should define the material as 
being either an N- or P-type semiconductor and give the density of con¬ 
duction electrons n/ or holes Measurements of this coefficient as a 
function of temperature, when combined with conductivity values over 
the same temperature range, allow a determination of the electron mean 
free path and its temperature dependence. As yet, measurements of 
the Hall coefficient for oxide cathode coatings are not reported in the 
literature, hence this represents a fertile field for future experimental 
studies. 

This effect can best be determined using a strip of material (com¬ 
pressed powder or a single crystal) along which a current is passed. 
Probe electrodes are attached to opposite sides across the strip and may 
be adjusted in relative position to locate an equipotential plane although 
this is not absolutely necessary. The application of a magnetic field 
normal to the strip and at right angles to both the direction of current 
flow and to a line connecting the probes produces a displacement of the 
equipotential plane. A potential difference now appears between the 
probes and is known as the Hall emf, Eb- This is related^® to the mag¬ 
netic field intensity H, the current J, the strip thickness t, and a constant 
of the material R. 

Eh^R— (14) 


jR is known as the Hall coefficient and for some semiconductors its value 
is in the range of 10~^ volts-cm./ampere-gauss at a temperature at which 
the conductivity is easily measured. Thus the use of large magnetic 
fields and high current densities are required to produce a measurable 
emf- 

Making use of the usually low value of rif, the density of electrons in 
the conduction band, these electrons are assumed to obey the Maxwell- 
Boltzman statistics which leads to an evaluation®® of R; in electrostatic 
units, 



3ff 

Sn/ec 


(16) 


where c is the velocity of light. In the case of hole conduction n/ is 
replaced by rih with a corresponding change in sign. The temperature 
variation of R is due entirely to the dependence on w/ whose temperature 
variation is given in eq. (5). The sign of the Hall coefficient cannot 
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always be used to distinguish between ionic and electronic conductivity 
for the Hall emf resulting from ionic conduction is too small to allow its 
detection. 


6. Density of Impurity Levels 

Although a reasonable experimental verification of the temperature 
dependence of cr, eq. (6), has been obtained, the dependence of a on Uh is 
by no means certain. As indicated in Table I the probable value of n-b 
is only about 10^’ or .01% of the total atoms present. Microchemical 
techniques have been used to detect the presence of a stoichiometric 
excess of metallic atoms in activated oxide coatings. A water vapor 
reaction was used by Bredennikowa, 


Ba + H2O i= 5 :BaO + H2 


in which the quantity of hydrogen produced was used to determine the 
excess barium present. This method was criticized^^ as not being selec¬ 
tive in its action on only barium in the cathode. In the experiments of 
Prescott and Morrison^^ the reaction, 

BaO -h CH4 Ba -f CO -i- 2H2 


carried out at 1200°K. for 15 minutes was used to produce excess barium 
with a subsequent increase in thermionic emission. The close relation¬ 
ship between conductivity and emission will be discussed in a later section. 
A second chemical reaction was then employed to determine the amount 
of excess barium liberated during the activation treatment. 

This was, 


Ba -t- CO2 ±5: BaO 4 - CO 


carried out at 1200°K. for 2 hours, from which a quantitative gas analysis 
for carbon monoxide was related to the amount of barium entering into 
the reaction. 

A correlation of the d.-c. thermionic emission and the excess barium 
content was made by Prescott and Morrison. Over the range from 
1 X 10^® to 5 X 10^®/cm.® little change in activity was observed, but 
below 10^®/cm.® a marked decrease in emission occurred. 

More recent work on the excess barium content of oxide cathodes has 
been reported by Wooten^^’"*® who applied the hydrogen evolution 
method to active cathodes which had been removed to a separate reaction 
chamber in vacuum. The amount of excess barium actually present in 
an active oxide cathode was much less than the total free metal present 
in the original tube, most of the excess barium having evaporated to the 
walls of the tube. A careful analysis of sources of error in this type of 
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experiment led to the belief that the actual coating content of excess 
barium was of the order of lO^Vcm.®. 

The use of tagged, radioactive barium atoms has been suggested as a 
possible means for measuring excess barium densities less than that con¬ 
veniently handled using microchemical techniques. An experiment of 
this nature might easily yield values for the diffusion rates of barium 
through lattices of BaO, SrO, and (BaSr)O, quantities which are desirable 
for future discussions of the effect of oxide composition on thermionic 
emission. 


7. Ahsorption Spectra 


Measurements of the absorption spectra of the nonmetals are not 
always useful in confirming details of the energy level configuration.^^ 
The removal of an electron from an impurity center by optical excitation 
may leave the surrounding lattice in an excited state of energy U. A 
series limit in the absorption spectra is related to the optical activation 
energy AB by, 




he 

ae 


(16) 


where \l is the wavelength at which the series limit occurs. Lattice 
vibrations broaden the absorption lines producing an absorption band 
at relatively high temperatures. In general, the optical activation 
energy is greater than the thermal activation energy since, 

AE = Ae-\-U (17) 

Only if U is known can we accurately predict the location of the 
absorption band. For many materials U < Ae/2 and an assumption of 
this sort for BaO leads to a value of AE which places the location of an 
absorption band in the near infrared region of the spectrum. Although 
the position of this absorption band is not particularly useful, the shape 
of the absorption band and the value of the absorption eoeflicient are 
useful in computing^® the density of absorbing centers, 

Excitation of electrons from the filled band to the conduction band 
should produce absorption in the near ultraviolet region of the spectrum. 
If we assume the width of the forbidden region to be beF, as indicated 
from conductivity studies, this absorption band will appear at about 
2500 A. 

In the far ultraviolet, true characteristic absorption by all atoms of a 
crystal takes place giving rise to a very large absorption coefficient. 
The first band of this absorption is associated with the removal of an 
electron from the electronegative ion and represents an energy somewhat 
greater than the combined widths of the uppermost filled band, the for- 
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bidden region and the conduction band. For BaO this energy would be 
at least 14eV, placing the band at less than 1000 A. 

As yet, no systematic studies are reported which attempt to locate 
and make use of the absorption bands of the alkaline earth oxides. All 
of these oxides are colorless which indicates the absence of optical activa¬ 
tion energies between 1.8 and 3.1 eV, values which are consistent with 
the proposed energy level configuration. 

8. Luminescence 

Fluorescence of oxide cathode coatings has undoubtedly been observed 
by many experimenters who perchance have bombarded a '‘cold” 
cathode with electrons or ions. In the visible region of the spectrum 
this fluorescence appears blue-green. 

Luminescence is a term which includes both the fluorescence radiation 
which arises due to excitation by electrons, ions, ultraviolet, etc., and the 
after-glow, known as phosphorescence, which continues after the excita¬ 
tion is removed. Both fluorescence and phosphorescence in semicon¬ 
ductors have been associated with the presence of impurity levels. The 
role of the impurity center is not always clear although it usually provides 
a place where an excited electron can recombine with a hole or with the 
impurity center itself and radiate its excess energy. The emission 
spectra and hence the color of the fluorescence radiation is determined 
by the kind of impurity center which is involved- At room temperature 
this fluorescence appears over a broad band of wavelengths, but as the 
temperature is lowered the band becomes narrow and at low tempera¬ 
tures it may become a single line. Phosphorescence is attributed to the 
trapping of electrons in the conduction band at some distance from an 
impurity center with which it must recombine before emission can occur. 
Two types of phosphorescence emission decay are known; one in which 
the intensity decreases exponentially, and one in which the decay 
is where t represents the time, and a. and 0 are constants. For the 
group of luminescent materials developed for use as cathode ray screens, 
there is indirect evidence that the exponential decay is associated with 
the substitutional type of activation center whereas the interstitial type 
of impurity center gives rise to the decay. 

Ewles^® has examined the luminescent spectra of CaO, SrO, and BaO 
excited by electron bombardment at a temperature of liquid air. The 
emission spectra were found to be characteristic of the parent lattice and 
hence unchanged due to the presence of activators. Changes in the 
relative intensities of the sets of bands were attributed to the effect of 
impurities. Four broad lines appeared in the ultraviolet between 3780 
and 3970 A. for SrO. In the visible region three bands were observed, 
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at 45O0j 5&O0, aad 6450 Ba.0 gav^e bliree umresolTed peaks, at 4650, 
5620, and 5970 A. Tkese resmlts seeiiL to indicate tliafc a direct role 
cannot be assigned to the impuriby atoms. ISTo attennpt. va-s made to 
observe the conductivity or tb-e thermioaic activity of the specimen, 
hence it is not certain that these samples correspoadedL to active states 
of the oxide. Here again, is an natomched field for research, one which 
might supply valuable information oontcerning possible kinds of activators 
for the alkaline earth oxides as well as an indication, of the physical 
disposition of these activa-tors. 

III. Peopeerties of* toe IN'TERPA.CE 

The interface region lying between the ha.se metal and the coating 
is now recognized as an impoxtant cathode parameter. The specific 
influence of the interface on. tlxe thexmionic emission properties of the 
cathode is not always completely clear, for mdouhtedly the type of 
interface and the conditions xincder wb-icliL the emission is taken allow the 
role of thie interface to change. 

In this section we shall be coneeroLed with the properties of an inter¬ 
face layer which differs in. chemical constitution from the oxide coating. 
These compounds arise due to solid state ctiemical reaetions which, take 
place hetween the oxide coasting and. certain constitntents of the base 
metal. 

Two additional forms of interfaces should he considered, for in the 
absence of an interface compouincd either one might provide a similar 
electronic behavior. The alosence of aetivation centers in the layers 
of coating adjacent to the base met al or a, vacuum layer caused by a poor 
mechanical bonding of the coatiug ma,y provide a low conductivity, 
series element to the flow of current arid thus influence the cathode’s 
behavior. 


1. ^OomposiHon 

Some years ago, Arnold^'^ reported the presence of the compound 
BaPtOs at the interface of cathodes prepared on a platinum base metal, 
although the method used in its identification was not clear. Use of the 
technique of x-ray diffraction analysis for interface identification was 
first reported by Eooksby who found ha.riiim aluminate, BaAhOd, at 
the interface for a base metal of nickel alloyed with 2 of aluminum. 
Subsequent studies led to a report^o of barium orbhosilicate, Ba2Si04, for 
a 0.4 % silicon-nickel alloy ha.se and. barium orbhotitanate, ]Ba2Ti04, for a 
0.23% titanium-riickel alloy base. C athodes prepared on a magnesium- 
nickel alloy were fuund®^ to have an interface layer containing magne¬ 
sium oxide, hdgC). 
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Eisexistein. and Tineirxaii®® presen,ted ev^idenee for tli© existence of 
thi-rees possible interface compomcis in catbocies hnyirig a ohronLiiiin- 
nL ckel a,lloy" b^se or a cliromixin plated aickel base, Two el -fcbse com- 
pouiLds wcje msttblDle and rev'eited to tbe tliirel on exposure to air. 
A.3.thong:li fclie sta-lole form exliibitedl a close packsedlxexngoxial structure, 
none of thie eona.pouncis were identified. Consistent bnt ive^k diffrac¬ 
tion pat terns were observed f rom tbe iatei’fa,ce on a pure ni ckel b ase bat 
too few lines were etta^ined bo make iden tit cation possible. 

It is interesting to note that wben botb baiiciin. aird stromtiniDL are 
pr-osort in the oxide, only baiinm eaters into the iuteirface compomndL. 
Useofa puire SrO coating gives rise to tb.emt&i'faceconQLponndlsST2Si04, 
Sr2TL04 and tbe stable strontium equivalent of the chLioriiiuLin coataining 
co mpouiad. A-11 £ire isomorpliic with the e(pxiiv^alent tariumeompouinds 
wtiickn kave sligktly larger lattice constarts- TTkc solidL state cbemical 
reaction b&tweea BaCOj and SiOa (powdered qiia-rtz;) htas been studied 
ex;teasivdy atiid altbongh. four silicates of bariiiro. are known^bnly the 
ortho-silicate is fomd £tt the oxide catbodeinterfn.ee- .At teiuperatTJir&s 
ab ovo 1050 - tb.e ortlaosilicate rather tb.an tbe naetasilicate, IBaSiOa, is 

formed from equal molar mixta res of lEnCOannd Si02. r*liis ledLtoan 
incorirect first report^^ that tbe silicon interface was li-aSiOj^ th-is ms 
co~rrectecd in a later paper.'^ Similar reactions'* were foonoL to occur 
between BaCOs and silicon, for it is probably tliisreaetioxivliicb pro- 
daces th-Cinterface during the conversion process. 

Tine stmeture of bajSiO^ is reported®' as being sirmilai fco that of 
KasSO 4w?-itbL tb-C space grou.p JDaft.^*'and latticeconstaats of 5.7, IB-l, and 
7,5 A._ fora, 1) and c respectively. Solid solutions of (II3aSr)s2Si04nQay be 
prepa,xed altbongh. thuese are not found at tbe interface. R.oodislojbeliewes 
the structure of BajSiO 4 and 33a2Ti04 to be isomorplions. 

Thickness 

Tine interface, appearing as a series el cm. dnfc to tb.cfd.ow' of electrons 
fro-m the base metal into tbe coating, may unde r certain con-ditioas limit 
the emissiori einrent from tb-ecatbode. As pointed oat by dTeriiag,*'''’ 
till s will occur oaly if an appreciable f raction of tbe voltage impressed 
across a diode actually appears sacross tbeinterfac;cl5ayer. rhis might 
at ffrs t seenoL to be a trivial case but experiments wbiclive shall consider 
later sliov that it may occur. The electrical conductivity of th& intcr- 
facoand tbo interface thickness determine the voltage wbicb. appears 
^icross til is layer. Ipplicationof a barrier lay^er tb. eery to the transport 
of electrons from tlxe base metal into tbe coatiag likewise requ.ires a. 
knowl edge of tbe interface condactivity and thickixes. 

¥liea tbe coating is removed freni an oxide ens-ted catbodo, the 
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presence of an interfa,ce layer is frequently confirmed by its color. The 
silicate, titanate, and alaminate interfaces are gray; the chromium inter¬ 
faces are green, brown, or black and interfaces on molybdenum are blue 
or red. Ba 2 Si 04 is noriicially colorless, hence its gray appearance at the 
interface may be due to interspersed, finely divided nickel particles 
formed by evaporation into the porous coating. Mg. 6 shows a group 
of cathode samples. On the left is an uncoated sleeve of a silicon-nickel 
alloy adjacent to which is a similar carbonate coated sleeve. On the 
right are three Ba 2 Si 04 interfaces formed on converting the carbonates 
by heating each for a fixed time and then removing the oxide. 



Fia. 6.—Iteading left to right, irncoated Si-Ni alloy cathode sleeve, carbonate coated 

sleeve, Ba 2 Si 04 interfaces on Si-Ni sleeves. 

The fact that the interface layer is easily seen and produces good 
x-ray diffraction patterns as well as details of its electrical behavior, led®’- 
to the prediction of a probable thickness range of lO"** to 10“®cm. An 
x-ray technique®® is now available for measuring film thickness in this 
range provided the absorption coefiicient and the crystal structure factor 
of the material is known. The diffraction pattern of thin interface films 
consists of diffraction lines from the film itself as well as lines from the 
underlying nickel. A comparison of the relative intensities of diffrac¬ 
tion lines from the two materials may be used to calculate the thickness 
of the interface layer. 

This method has been applied only to the silicate interface®^ yielding 
the results showm in Table II. The thickness at zero hours was measured 
immediately following the conversion process. Cathodes were heated 
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in. acquiescent state, mthout dra^ving emission curreat, to form the inter- 
fa-ces examineciat 50 and lOO hours. 'The increase in iaterfaee thickness 
following coruversion probably results from a silicon-BaO reaction. 
Ionic? transport of barium to the base metal is generally considered to 
oecuir v'hem emission current is taken from the catkode. The effect 
wliicluttiis process kas ontke rate of growth of tke interface thickness kas 
notloeen. iriTestigated. Thickness .measurements made on d.-c. operated 
silicate interface cathodes at the “end of life,” 500 to lOOO hours, showed 
oraly a slight increase in thickness over that present at lOO hours. It is 
doubtful that the interface thickness alone is of prime consideration in 
biringing about the ‘'end of cathode life/’ 


TajblesIE. Thiclaiess of Ba2Si04 interface formeci on 4^^ Si-lSTi alloy by (BaSr)O 

coating at 1150 °K. 


Time (hrs.) 

0 

50 

lOO 

Thiiclcjness (cioa,) .... * 

4 X 10-4 

1.4 X 10-3 

2.2 X 10-3 



riie mechanism, of interface fornoEbtion involves the diffusion of 
silicon, of BaO, or both, hence the coating-interface boundary need not 
be slxarply defined but rather is a region of varia,ble composition of the 
silica,te and the oxide. All interfaces which have been examined are 
fiirinl^^ 1>ended to the base metal in contrast to the loose bonding which 
usually exists between the coating and interface. 

3. Conductivity 

Passage of an electron current density j through the interface pro- 
dmeesa voltage drop across this layer oijtJcTy c being the effectiwe specific 
conductivifcj and t the thickness of the interface layer. Measurements 
of this interface voltage by means of probes imbedded, in the coating will 
bes discussed in. a later section. These voltuges can be used to evaluate a 
ormly iffcke interface thickness is known or is estimated. 

The effective specific conductivity of Ba 2 SiC )4 and its temperature 
despemdesnees were measured*® using the technique employed in the oxide 
cc»ndTuctivifcy studies. jA. sample of the silicate, synthesized from BaCOa 
ara-dSiO a, was coated onto a ceramic rod A.fter an outgassing in vacuum 
followkg a- heat treatment in carbon dioxide to remove the carbon 
residue from the binder, a series of conductivity naeasuremeats were 
t£uknL,Fig. 7. Curve 4 represents the iuitial state followiagthe removal 
of thte carbon dioxide and the slope of the high temperature section 
indicates a Ae of 52eV. Continued heat treatment in vacuum increases 
the e oneduebivity witkout a marked change in activatioa euergy, curve 5, 
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and passing a high current density through the sample further increased 
the conductivity, curve 6. A slight conductivity decrease followed 
re-exposure to carbon dioxide, curve 7. 



Fig. 7. —Effective electrical conductivity of (BaSr)O and Ba2Si04 samples showing 
variation with recipxocal temperature and state of activation. 


In general, the conductivity behavior of the silicate resembles that 
of the oxide regarding its reaction to activating and deactivating treat¬ 
ment. The slight “ break in the curves suggests two sources of elec¬ 
trons and two activation energies, although the data does not warrant 
extensive deductions of this sort- The most striking feature of this set 
of curves is the apparent high activation energy, 5 to SeT. Were it 
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not for the conductivity dependence on activation, the high activation 
energy would suggest the behavior of an intrinsic semiconductor. 

Curves 1, 2 and 3 of Fig. 5(A) are reproduced in Fig. 7 for comparison 
with the interface condrfctivities. Using curve 6, as typical of the 
activated interface conductivity, and interface and coating thickness of 
10~2 and 10~^ cm. respectively, certain deductions can be made from 
this figure. At no temperature less than about 1300®K. will the voltage 
drop across the coating equal that appearing across the interface and at 
1000°K. the interface voltage-coating voltage ratio is 100:1. A current 
density of 10 A/cm.^ passing through a cathode at 1150°K. should give 
rise to a 200 volt drop across the interface and a 10 volt drop over the coat¬ 
ing. These values, as we shall later see, are consistent with the potentials 
developed within the cathode under pulsed conditions. Reducing the 
operating temperature should rapidly increase the interface voltage, this 
also being consistent with experimental measurements. 


IV. Properties op the Complete Cathode 

In this section we shall consider those properties of the cathode which 
are only studied using the complete cathode, base metal, interface and 
oxide, and may be subject to the influence of more than one of these 
components. 

1. Thermionic Emission 


Although the oxide coated cathode exhibits many interesting physical 
characteristics, the considerable expenditure of effort already devoted 
to studies of these properties is due to but one, the cathode’s ability to 
supply a copious thermionic emission of electrons at a relatively low 
temperature. Neglecting the interface for the moment. Fig. 8(A) 
represents a cross section view of the oxide in contact with the base 
metal and Fig. 8(B), the energy level configuration of this model. Fig. 1 
has been modified, only by joining the chemical potential of the semi¬ 
conductor, /X, with the Fermi level of the metal, Wi. The Fermi level 
represents the highest occupied energy state of the metal at absolute zero 
and enters into the Fermi distribution function for the metal in a manner 
analogous to the chemical potential for semiconductors, eq. (2). Equat¬ 
ing the rate of transport of electrons of energy e from the conduction band 


of the semiconductor into the metal and the rate of transport of electrons 
of the same energy from the metal to the semiconductor leads to the 
result, 

Wi^^c ( 18 ) 


Schottky and Rothe®^ and Schottky®" have considered the thermionic 
current density which may be obtained from the cathode described by 
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Fig. 8. A R-ichiardson type of equation is found, 


eij> 

kT 


( 19 ) 


/o = ^(1 - 

where Jo is tlie saturationcurrent density, 

^ -=--— _ 120 .4/cm.2 deg.2 (20) 

r is the mean reflection coefficient for electrons at the’ emitting surface, 
and <t> is the total thermionic work function, (x H- eo — n). Substituting 
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(B) 

Fig-. 8. (A) Cross section of iaferfaceless cathocie; (B) energy levels for this model. 

the value iix eq. (8) for — /x we have the more familiar^ thermionic 
emission expression, 

X +• A«/2 

/o = .£(1 — r)nb^T^e 

and 

i D _*v/2 ei‘Um*h)\ 

i(i “ Ai , 

A Richardson plot of In jo/T® vs. 1/T should not yield a straight line 
due to the temperature dependence of the total work function Actu- 
ally, no experimental measurements of the saturation current have been 
made with sufixcient accuracy nor over a large enough temperature range 
to show this nonlinearity in the Richardson plot, 


( 21 ) 

( 22 ) 
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Measurements of the work function of oxide coated cathodes are 
frequently subject to criticism because of the particular method chosen 
to define the saturation” current. The point of departure from a space 
charge limited condition is much less clearly defined than for pure 
metals. Nevertheless, most recent determinations of the work function 
of a (BaSr)O coated cathodes result in values near leF. Nishibori and 



Fig. ,9.—Temperature dependeace of emission., eq. (21) for several values of nt com¬ 
puted for ^ =» leY, r =a 0. 

Zawamura®^ report values of the thermionic work functions of SrO and 
(BaSr)O as given in Table III (see section IV-5). 

The presence of two unknown quantities, r and rii, in eq. (21) prevents 
the determination of either from a Hichardson plot alone. Nevertheless, 
speculations concerning possible values of r are not entirely unwarranted. 
Tor a uniform surface, the fraction of electrons with normal incident, 
energy components greater than — Tig. 1, which do not escape, 
should be small and thus r will he small. The presence of a potential 
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hump at the surface instead af the step barrier would give r a value near 
unity since the probability of electron transmission through such a 
barrier is very small. Making use of the emission data of Prescott and 
'Morrison^^ and their value^ of for and following the type of 

calculation made by Blewett,^ eq. (21) gives the transmission coefficient, 
(1 — r), the value 5 X 10“^ and r = 0.95. If instead, Wooten’s"^® upper 
limit value of is used for ?i6, the transmission coefidcient becomes 

0.5 and r = 0.5. Thus there is some justification in suggesting that the 
transmission coefficient is not necessarily small, as it has been considered 
in the past. 

If the transmission coefiScient is unity and the total work function is 
l.OeF, Fig. 9 represents the temperature dependence of emission for 
several values of ni, as given by eq.. (21). Allowing nj, a value between 
10^’' and lO^Vcm.® leads to emission densities considerably in excess of 
the usually accepted d.-e. emission capabilities of an oxide cathode. 
Coomes27 reports microsecond pulsed emissions of between 40 and 
100 A/cm.^ at 110O°K. from oxide cathodes. Similar cathodes were 
found to have a work function of about leV, as determined by a Richard¬ 
son plot of pulsed emission, measurements. SproulFs®^ pulsed cathodes 
showed an initial emission whose temperature dependence indicated a 
work function of 1.1261^. Thus it seems not too unreasonable th^t the 
short time, pulsed emissions which may be taken from oxide cathodes and 
were heretofore called ‘^enhanced pulsed emissions,’’ represent the true 
emission characteristics predicted by eq. (21). The usual d.-c. emissions 
would then represent a lower emission state brought about as some con¬ 
sequence of drawing emission current. This possibility will be con¬ 
sidered again in section IY-8. Further studies of the reflection coefl&cient, 
emission decay and the proper evaluation of n^ are necessary before the 
emission equation can be adequately tested. 

The presence of an interface layer considerably modifies the cathode 
model of Fig. 8. Fig. 10(A) represents a cross section view of the inter¬ 
face type cathode whose energy level configuration is shown in Fig. 10, 

(B) and (C). (B) is the equilibrium state for zero current flow and in 

(C) , the applied anode voltage Va allows the flow of an emission current 
through the interface and coating, producing a voltage drop Vic. In this 
figure the harrier layer is considered to he an N-type, impurity semi¬ 
conductor, although an intrinsic semiconductor could be similarly repre¬ 
sented. The chemical potentials of the interface and the oxide are 
equated to the Fermi level in the metal by balancing the rate of electron 
transport through the cathode. The height of the harrier will then be 
approximately Ae'/2 with Ae' the thermal activation energy of the inter¬ 
face material. Thermally excited electrons from the metal pass over the 
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barrier, are transported through the interface and coating, and emitted 
from the external surface- The interface barrier may exceed the surface 
barrier in height, as shown in this figure. Electrons entering the oxide 
from the interface with an appreciable kinetic energy will dissipate this 
energy after a few interactions with the lattice and will proceed in the 
normal conduction band. Drawing emission current causes a tipping 
of the energy levels to an extent determined by the electrical conductivity 
of the material. 

The current density of electrons emitted from the external surface 
will be governed by the electric field at this surface and will depend on 



Fig, 10.—(A) Cross section of interface type cathode; (B) energy levels with no 
emission; (C) energy levels when emission current is drawn. 

the interface only insofar as the interface reduces this field. When the 
current is limited at the interface barrier or by the interface conductivity, 
an appreciable fraction of the applied anode-cathode voltage will appear 
in this region and thus reduce the electric field at the external surface. 
Thus, for a given anode voltage, the presence of an interface barrier layer 
may reduce the emission current but should not influence the satura¬ 
tioncurrent jo, directly. Indirectly, chemical reactions at the base 
metal could conceivably influence the excess barium content of the 

cathode, and thus influence , i x. 

The voltage-current characteristics of a barrier layer have been con¬ 
sidered theoretically, and good agreement is found between experiment 
and theory, particularly for blocking layer rectifiers of the copper oxide 
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type. Wriglit®^ has extended Mott’s theory®* to oxide cathode inter¬ 
faces with considerable success, explaining the electrical characteristics 
of probes imbedded in the coating. This theory is applicable if the 
interface is considered to be an insulator or to have a much lower con¬ 
ductivity than the oxide. In the absence of a “chemical” barrier, i.e., a 
layer whose composition differs at least stoichiometrically from that of 
the coating, a Schottky barrier may exist. In a series of papers published 
between 1939 and 1942 Schottky developed a barrier layer theory to 
explain the action of the selenium rectifier which may not contain a 
“chemical” barrier. A potential barrier is formed at the metal-semi¬ 
conductor boundary due to a space charge formed in the semiconductor 
when equilibrium is established between the two materials. The theories 
of both Mott and Schottky place the barrier height equal to the difference 
between the work functions of the metal and the semiconductor. In 
Schottky’s theory, the thickness of the space charge barrier will vary with 
the current density whereas the interface has a fixed thickness in Mott’s 
derivation. An excellent review of Schottky’s papers prepared by 
Joffe®^ may be consulted for the details of this mechanism. Mott’s 
theory is discussed in section IV-6. 

2. Photoelectric Emission 

Modern semiconductor theory predicts that the photoelectric work 
function should exceed the thermionic work function. Measurements of 
the photoelectric emission from oxide cathodes, made at near room tem¬ 
perature, should exhibit a long wavelength limit at a photon energy 
equal to x H~ Ae. At this temperature relatively few electrons will be 
thermionic ally excited to the conduction band and the photon energy 
will be expended in exciting electrons located at impurity centers. In 
order that they may be emitted from the oxide, at a temperature at which 
thermionic emission is negligible, the electrons must be raised to the top 
of the conduction band by acquiring an energy x H" Ae (see Fig. 1). For 
comparison, the thermionic work function of the cathode is x + A6/2. 
eq. (21). 

Huxford’s®* measurements of the photoelectric and thermionic work 
functions of the same cathode yield nearly similar values, in disagree¬ 
ment with the above theory unless it is assumed that x ^ Ae. This 
discrepancy is removed in a more recent determination of the photo¬ 
electric threshold made by Nishibori, Kawamufra, and Hirano.®® Fig. 11 
shows the photoelectric emission (corrected for variations in the incident 
intensity which depend on wavelength) from three cathodes as a function 
of the energy of the incident photon. Linear sections of the curves were 
extrapolated to the axis to determine the photoelectric threshold values 



OXIDE COA.TEE> CATHODES 


35 


giTem in. Table III. V alues sho^wn for the thermioaic work function, the 
ttaiermal activation energy andtlie electron affilnitywere obtained froia a 
sespairate expeiim.ettt. Although good agreemeat is obtained between 
ttate ipbotoelectric work function and the otlier equivalent values, ttese 
r&suLts would be naore satisfying bad they all teen obtaiaed from the same 
cathode. 'The extent of tte “foot’’of tbe curves of Fig. 11 was found 
to bo tomperatiire dependent and 
F as oxplalned as athermionic emis¬ 
sion of elec “trons which were excited 
imto the conduction band by pho¬ 
tons of ihsn&cient energy to carry 
tbLeio. to tb-ctop oftbe band. The 
pr*eyi.ous extrapolation simulates 
tbe photoelectric emission at a 
temperature of absolute zero. 

The similar values of photo¬ 
electric "work function for baO and 
(BaSi)O were taken®® to indicate 
tlxat the ciiffeien.ce in thermionic 
emission capabilities of the two 
imatcrkls, Tig. 3, results from a 
higher eqixilibriuni Taliie of n* in 
thee solid solution than in the pure 
o?^ide. This must be regarded as 
alone,has teen obtained for BaO. 



(X+^«) euECTROM VOLTS 

Fia. 11.—Photoelectric current from 
oxide cathodes as a function of incident 
pliDton energy. 

speculative until a value for x oi Ae 


3. Emission in Retarding F’ields 

IFhe. distribution in energy of electrons emitted from a cathode may 
be studied using a magnetic or electrostatic velocity selector, or more 
ea^sily byiueasuring the diminution iu anode current as the anode is made 
iiLore asiugly negative. In tbis retarding potential region only those 
elxect^rorLS will reach the anode which hawe energies greater than the 
heighit of tbe barrier imposed between the cathode and anode by making 
thea-node negative. Contact potentials within the dbde as well sis the 
applied retarding potential are effective in establishing this barrier 
lieighit, For phne-parallel electrodes, a current density jh is collected 
afc am applied anode-enthode woltage V and, 

_ 

JB ^ A {1 - r)r^Ce ( 23 ) 

Fhiere(i£>^ is the anode work function, disa, factor representing electrons 
Fbicbaie reflected at th.e anode surface and re-enter the cathode, and 
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A and r have values described in eq. (19). When cylindrical geometry 
is used, the equation assumes a similar but more complex form, and if the 
anode diameter to cathode diameter ratio is large the anode reflected 
electrons can be neglected. Eq. (23) is valid only for applied voltages 
which cause a potential barrier greater in height than the normal work 
function barrier, cf>, in Fig. 1. For somewhat more positive values of V, 
the collected current has a constant value jo given by eq. (19). A plot of 
In (jn/jo) vs. V should yield a line of slope —e/kT which abruptly joins a 
horizontal line at V <I>a equal to 

Many of the earlier attempts to check the temperature of an oxide 
cathode from the slope of the retarding potential curve were without 
success.^ More recently Heinze and Hass®^ and Fan®^ were able to obtain 
agreement with the predicted slope. 

In case the anode work function is known, the applied voltage at 
which the break” in the curve occurs may be used to evaluate the work 
function of the cathode. Champieux®® used a tungsten filament for the 
anode and by flashing this to a high temperature he felt justified in 
assuming the work function to be that of clean tungsten. The geometry 
of such a diode would undoubtedly be very poor. Heinze and Wagener'^® 
determined <I>a for their anode by measuring the emission from an auxil¬ 
iary tungsten filament in retarding fields. The work function of the 
tungsten filament was found from the slope of its Richardson plot. True 
work function values can be measured by this method only if a simple 
step barrier, such as shown in Fig. 8, exists at the surface. The presence 
of a potential hump will invalidate any measurements of this quantity 
involving the emission of electrons. Only the vibrating electrode tech¬ 
nique,’’^ the Kelvin method, can be relied upon for measuring the true 
work function of the oxide cathode surface.* Patch effects, arising from 
exposed crystal faces of differing work function, must be carefully con¬ 
sidered in the interpretation of these phenomena. 

Although the argument cited above places in question values of the 
work function obtained using retarding potentials, a comparison of the 
data with eq. (23) should at least permit an evaluation of (1 — r), 
the transmission coefficient. Heinze and Wagener’’® show that over a 
considerable range of activation, cathode emission obeys eq. (23) and the 
transmission coefficient has a value near unity. 

The shape of the retarding potential curve in the vicinity of the 
‘'break” has been the subject of much controversy. Low cathode 
temperatures are used so that space charge effects do not modify the 
curve. If the curve shows a sharp “break” and the slope has a value 
corresponding to the true cathode temperature, the conclusion is reached 
that the energy distribution is Maxwellian. A retarding potential plot 
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by Fan,®® Fig. 12, was interpreted in this manner. The presence of a 
large reflection coefficient at the oxide surface, due perhaps to patch 
fields or to a thin penetrable potential barrier, would be expected to 
reduce the proportion of low energy electrons reaching the anode. This 
behavior is frequently observed in measurements on oxide cathodes and 
is shown in Fig. 13. In these results obtained by Brownthe absissa is 
V/T so that curves taken at various temperatures should coincide if 



Fig. 12.—Electron emission from a BaO cathode in a retarding field. Slope of 
solid line through points computed from eq. (23) using the measured temperature of 
the cathode. 

reflections are missing. Absence of such coincidence was interpreted as 
implying a very high reflection coefficient. 

Thus, considerable discrepancy exists among the results of various 
studies of emission in the retarding potential region. The removal of 
these points of dissention should provide a means for examining the 
nature of the surface barrier as well as evaluating the true work function. 

J^. Emission in Accelerating Fields 

Positive potentials applied to the diode anode will provide an increas¬ 
ing anode current, first in accord with the Langmuir-Child space charge 
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relationsliip and at higher voltages, following a Schottky type of behavior. 
Emission in the Schottky region is generally compared with the charac¬ 
teristic predicted for a clean metal surface. The presence of an electric 
field intensity E at the metal surface, effectively reduces the work func- 



Fig. 13.—Electron emission from (BaSr)O cathode in a retarding field showing the 

deficiency of low energy electrons. 

tion <i> by an amount, 

A<j> = (24) 

A plot of In je vs. should yield a straight line for emission in the 
Schottky region where ja is the measured anode current. 

An example®^ of this is seen in Fig. 14, and typical of other measure¬ 
ments in this region, shows a linear relationship but a slope several times 
that predicted by the Schottky theory for metal surfaces. Similar 
slopes are found in both d.-c. and pulsed^^’®^ emission measurements. 
A semiquantitative explanation of this incorrect slope was presented by 
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Hose’’® who made use of the patch effect. More recently, Morgulis’’^ 
derived a Schottky effect equation for a semiconductor emitter assuming 
the field to distort the energy levels near the surface and found a reason¬ 
able agreement with the Schottky plots obtained by Sproull.®^ When a 
fit is made with the experimental curves a value for rif of about 10’Vena.® 
was obtained from the theoretical equations. An extrapolation of the 
Schottky plots to zero field, see Fig. 14, permits an evaluation of the zero 



Fig. 14.—Variation of electron emission in the Schottky region as a function of the 

square root of the electric field intensity. 

field emission from the cathode. In the absence of a potential hump at 
the surface, this method for determining jo is preferred since the emission 
from an oxide cathode seldom shows a clear departure from space charge 
limited conditions. 

A wave mechanical treatment of the flow of electrons over a barrier 
predicts that interference phenomena should occur. The transmission 
coefficient will be a function of the wavelength of the electron, and thus 
its energy, as well as the shape of the barrier. Although the effect is 
small and easily overlooked, its occurrence has been established for the 
emission of electrons over the work function barrier of clean metal sur- 
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faces/®’^® Maxima and minima are found in the Sohottky plot whose 
position and magnitude agree with the theoretical predictions. Cham- 
pieux®® has presented the data shown in Fig. 15 as evidence for periodic 
deviations in the emission of electrons from oxide coated cathodes. The 
deviations are very small indeed and unless the curves were completely 
reproducible an objection might be raised on the ground that instabilities 
in oxide cathode emission are of about the same order of magnitude. 



Fig. 15.—Electron emission in an accelerating field showing possible periodic 

deviations. 

Should the presence of periodic deviations be confirmed their location and 
shape may contribute information regarding the barrier shape, be it at 
the surface or at the interface. 

5. Conductivity 

Nishibori and Kawamura®^ made use of a probe wire imbedded in the 
cathode coating to study the temperature variation of conductivity. 
When an emission current is drawn from the cathode the probe assumes 
a positive potential with respect to the base metal. This potential 
is determined by the geometry, the emission current and the conduc- 
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tivity of the material lying between the probe and base metal. Since 
both the interface and a part of the coating are located in this region 
some care is required in interpreting such conductivity results. 

D.-c. measurements of the conductivity of cathodes prepared on a 
pure nickel base metal probably contain only a small contribution from 
the interface region. Measurements of this type were made by Nishibori 
and Kawamura. The temperature dependence of conductivity was 
interpreted by means of eq. (7) to evaluate Ac, values of which are found 
in Table III. Combining these values of Ac with the thermionic work 


Table III. Photoelectric work function, x + Ac; thermionic work function, x + A6/2; 
thermal activation energy, Ac; and electron affinity, x; for oxide cathode materials 
obtained by Nishibori, Kawamura, and Hirano. 


X +• Ae X + Ac/2 Ac X 


BaO. 1.63 , 

(BaSr)0. 1.66 . 98 1.4 . 28 

SrO. 2.58 1.37 2.1 .32 


functions previously discussed, allows an evaluation of x. This surface 
work function is seen to be small and from additional values contained 
in the original paper, the surface barrier seems to be independent of the 
state of cathode activity. As x has nearly the same value for SrO and 
(BaSr)O, this may be interpreted as representing the same surface condi¬ 
tions on both coatings, i.e., pure SrO as seen in section II-3. 

Measurements of both conductivity and thermionic emission during 
the activation of a cathode has resulted in an interesting relation between 
the two. Fig. 16 shows a straight line drawn through three points 
reported by Nishibori and Kawamura. The interpretation of this 
relationship may be sought by comparing eq. (10) showing the effect of 
activation on the conductivity and eq. (19) relating the saturation 
emission current density to the total work function. Equating these 
expressions through the common term exp [(^t — €Q)/kT] results in the 
ratio, 

h = ^Q: ~ r)kT --fy 

<T 4:loe ^ ' 


Only if X is independent of a change in cathode activity, should eq. (25) 
result in a linear relationship between jo and cr. The electron affinity x 
is directly related to the surface dipole moment which in the earlier 
emission theories governed the emission process- The invariance of x 
over three orders of magnitude of emission current offers a definite point 
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of conflict wi-fch any theory which defines the emission process as only a 
surface phenomena. Similar experimental results were recently reported 
by Hannay^^ although the details of these experiments are not as yet 
published. 

The double probe technique has served as a valuable tool in separating 
the interface and coating conductivities. Two probes imbedded in the 
coating at different depths permit measurements of the potentials 
appearing at these positions when an emission current is drawn. An 
extrapolation of this potential to the interface depth results in an excess 



Fig. 16.—Correlation of electron emission current density and the coating conduc¬ 
tivity, see text. 

voltage which is attributed to the interface conductivity. The difference 
of potential between probes is used to evaluate the coating conductivity. 
This technique with microsecond pulses was used to examine the poten¬ 
tials which are developed across the coating and interface of the cathode 
over a wide range of emission current densities. 

In a cathode prepared on a pure nickel base, the interface, which 
probably contributes a negligible amount to the d.-c. measured conduc¬ 
tivity, may contribute appreciably to the conductivity measured with 
pulses of high peak current density. The interface thickness is usually 
unknown in experiments of this type, hence voltages developed across 
the interface and across the total coating are compared rather than the 
respective specific conductivities. Changes in the interface voltage to 
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coating voltage ratio which occur with changing current density are due 
to the nonohmic nature of the interface contact as compared to the 
ohmic conductivity of the coating. Evidence for the nonohmic interface 
contact is presented in section IV-6. Thus, at low current densities the 
interface voltage may be negligible whereas at high current densities it 
may be comparable to the coating voltage. 

Fineman and Eisenstein®^ described the results of double probe pulsed 
measurements on one pure electrolytic base cathode which at 10 A/cm.J 
had an interface voltage in excess of the coating voltage. More recent 
measurements by Dillinger^* and Mutter"^® place the interface voltage at 
about one-half the coating voltage when measured under similar condi¬ 
tions and explain the above cited high ratio as due to a poor mechanical 
coating bond. 

Both d.-c. and pulsed methods of measurement have been used to 
detect interface voltages in cathodes which have a “chemicaE’ interface 
barrier layer. Wright®^ prepared cathodes on a magnesium-nickel alloy 
base metal and used an aluminum-nickel probe wire in the coating for 
d.-c. measurements of conductivity at relatively low temperatures. The 
voltage-current characteristics of the probe were interpreted by means of 
Mott’s theory to indicate the presence of barrier layers on both the probe 
and base metal surfaces. Presumedly these were due to the aluminate 
and MgO interfaces mentioned earlier. The effective conductivity 
appearing between the probe and base metal seemed independent of the 
probe-base metal spacing and therefore was attributed to the interfaces 
rather than the coating. The temperature dependence of this con¬ 
ductivity was used to evaluate the thermal activation energy, 1.2eV. 
Further details of the voltage-current plot were believed to show a value 
of 0.7eF for the height of the interface barrier. 

Measurements®^ in which the probe wire was used as a null current, 
potential indicator showed a saturation of the coating conduction cur¬ 
rent at about the same current density as that at which saturation of the 
thermionic emission took place. Approximately one-tenth the applied 
anode voltage appeared between the base metal and probe in these 
experiments. If this potential drop occurs primarily at the interface, 
this observation would seem to indicate that the emission limitation 
exists at the interface rather than at the external surface. In future 
studies of this nature, the use of double probes should remove any ques¬ 
tion regarding the exact location of this emission limitation. 

Fineman and Eisenstein®^ examined the voltages appearing in the 
coating of cathodes which had a chromium interface and concluded that 
at 1125°K. the interface voltage may be five times the coating voltage 
for an emission of 10 A/cm.^ but less than the coating voltage at 0.5 
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A/cm.^ This again is due to the nonohmic character of the interface 
contact. Increasing the cathode temperature decreased the interface 
voltage more rapidly than the coating voltage so that at 1225°K. the 
voltages at 10 A/cm.^ were nearly the same., A possible explanation for 
this is found in the thermal activation energies of the two materials which 
cause the interface conductivity to change more rapidly with temperature 
than does the oxide conductivity (see Fig. 7). Results similar to those 
discussed above are obtained in cathodes containing a BazSiOA interface 
and are described in section IV-6. 

Null current, probe measurements of electrostatic potential are 
subject to criticism unless the probe characteristics are known. Probes 
may disturb the true conditions of the coating, they may show polariza¬ 
tion effects and in the presence of both electronic and ionic conduction 
the null current potential must be interpreted with care. Polarization 
effects are absent if platinum probes are used and the thermionic emission 
properties, characteristic of the type of base metal used, seem unchanged 
by the introduction of probes. Mutter’'^ has investigated the d.-c. 
characteristics of a platinum probe imbedded in a (BaSr)O coating on an 
electrolytic nickel base metal. See Fig. 17. For zero emission current, 
the characteristics in A show no change of slope on crossing the zero 
current axis. The influence of an interface contact, probably at the 
probe, is seen in the asymmetry of the curves about the zero current 
axis, particularly at the lower temperatures. An emission current 
density of 65 ma/cm.^ caused a displacement of the curves by an amount 
interpreted to be the change in oxide potential resulting from the current 
flow. The following two methods of conductivity measurement were 
compared. The slope of the curves, AI(AV at zero probe current, defines 
one conductivity. When an emission current is drawn, the probe voltage 
displacement from its value at zero emission current gives the potential 
drop produced in the cathode by the flow of emission current. The ratio 
of the emission current to this potential drop defines a second conduc¬ 
tivity and the two values seem to be in rough agreement. The slopes of 
the curves at the zero current axis are not appreciably changed for the 
two conditions of emission current. A study of the probe characteristics 
under pulsed conditions, made by Dillinger,’'® led to similar results. 
Whenever it is possible to compare the results of probe measured poten¬ 
tials with values obtained by other means, a reasonable agreement is 
found. 

Loosjes and Vink,®® who criticized the probe technique, introduced a 
novel method for measuring the potential developed across the com¬ 
plete cathode when pulsed currents are drawn. A movable anode was 
employed to obtain the voltage-current plots shown in Fig. 18(A) for 
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(A) 



(B) 

Pig. 17.—Probe voltage-current characteristics as a function of temperature, for two 

values of emission from the cathode. 
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three values of the anode-cathode surface spacing, d. Replotting this 
data, using the anode voltage and the spacing as coordinates for fixed 
values of emission current, allowed an extrapolation to the voltage which 
would exist at the cathode surface, i.e., at d =0. The variation of this 



(A) 



(B) 

Fig. 18.—(A) Diode voltage-cxirrent characteristics for three values of the anode- 
cathode spacing. (B) Voltage-current characteristics of the coating determined 
from Fig. 18A, see text. 

voltage with current is seen in Fig. 18(B). Curves obtained at several 
temperatures all exhibited the nonohmic behavior shown in this figure. 
A comparison of the plots (A) and (B) at a current density of 5 A/cm.^ 
and at a spacing of 0.0048 cm., approximately twice the coating thickness, 
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shows the striking result that of the 130 volts applied between anode and 
cathode 110 volts appears within the cathode. Certainly a large fraction 
of this is located in the interface region, as evidenced by the nonohmic 
characteristic. 

The appearance of large voltages within the cathode, particularly 
across the interface layer, is probably associated with the sparking 
phenomena which will be described presently. Whether the observed 
interface voltage is due entirely to the low conductivity of the interface 
material or is due to a high field developed at the metal-interface contact 
to promote a more copius emission of electrons remains an open question. 
Values of the conductivity of pure Ba 2 Si 04 and values of a probable inter¬ 
face thickness give at least semiquantitative agreement with observed 
interface voltages. 


6. Rectification 

According to the theories of Mott®® and Schottky®^ the presence of a 
barrier layer between a metal and a semiconductor should result in a 
rectification effect. If the semiconductor is of the N-type, the direction 
of low conductivity is from the metal into the semiconductor. An 
examination of Fig. 10 shows that the application of an electric field in 
the direction to induce electrons to flow from the metal into the semi¬ 
conductor leaves the barrier height unchanged until the field becomes 
sufficient to promote Schottky emission or barrier penetration. Thus, 
no appreciable increase of current accompanies the increase of electric 
field. A field applied in the opposite direction raises the energy levels 
of the semiconductor relative to the levels in the metal and thus decreases 
the barrier height to current flow in this direction. An appreciable 
increase in current accompanies an increase in the electric field, resulting 
in a high conductivity. This explanation, based on Mott’s theory, is 
modified by Schottky who allows the space charge layer to vary in thick¬ 
ness according to the direction of current flow. 

Rectification at the interface barrier of oxide cathodes was demon¬ 
strated in the d.-c. voltage-current characteristics of an aluminum-nickel 
probe in a (BaSr)O coating, taken with respect to the magnesium-nickel 
base metal. Measurements made by Wright®^ on one such cathode are 
shown in Fig. 19. The direction of low conductivity is that in which 
electrons flow from the probe to the base metal. On the basis of the 
previous discussion this places the effective rectifying contact at the 
probe interface. This behavior would be expected even though barrier 
layers existed at both metal surfaces for the probe area is only ys- the 
coated area of the base metal thus considerably increasing the current 
density at the probe interface. 
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Pulsed measurements, employing the double probe technique, were 
used by Mutter®^ in an ingeneous cathode structure to study rectification 
at the interface of two base metal types. Fig. 20 shows a cross section 
view of two fiat cathodes facing each other, one prepared on a pure 
electrolytic nickel base and the other prepared on a 5% silicon-nickel 



Fig. 19. Probe voltage-current characteristics showing rectification at the interface 

on the probe. 



CATHODE STRUCTURE 

Fig. 20. —Double probe, double cathode structure used by Mutter, see text. 
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base. Two platinum probes imbedded in each coating allowed measure¬ 
ments of the interface and coating voltages with current passed in either 
direction through the cathodes. Results obtained at 1075°K. are shown 
in Fig. 21. The coating conductivity is seen to be ohmic and independ¬ 
ent of the direction of current flow. Furthermore, the coating conduc¬ 
tivity is independent of the presence of silicon in one base metal and not 
in the other. This is a particularly interesting result since for many 
years silicon and other reducing impurities have been added to the base 
metal, presumedly to increase the emission through the release of barium 



Fig. 21.—Voltage-current characteristics of the interface and coating on two types of 

base metal. 

which according to our interpretation of eq. (6) should likewise increase 
the conductivity. 

The interface voltage in the pure nickel base cathode is less than the 
coating drop and shows no change with the direction of current flow. 
In the case of the silicon-nickel base cathode, the interface voltage 
increases rapidly in the forward direction to a value four or five times the 
coating drop. In the reverse direction the increase is less rapid reaching 
a value nearly that of the coating drop. The direction of electron flow 
in normal cathode emission is the direction of low conductivity in accord 
with the theoretical predictions. 

Changes which occur in the interface voltage with time are seen in 
Fig- 22. With increasing cathode life the pure nickel interface voltage 
increases and shows rectification properties, although the magnitude 
of this voltage remains less than the coating drop. Whether this intet- 
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face voltage originates due to the build up of an interface compound or 
to a change in the oxide bounding the base metal is unknown. Certainly 
the pronounced rectification effects and the very high interface voltages 
are only found in the presence of a definite interface compound. 

Throughout this discussion it was assumed that rectification occurred 
only at the metal-interface contact. It seems reasonable that some 
degree of rectification may also take place at the semiconductor-interface 
contact depending upon the type of interface layer which is present. 
Rectification at a metal-semiconductor boundary was discussed recently 
by Bardeen®^ in terms of surface states. 



Fig. 22. —Voltage-current characteristics of the interface and coating, showing the 

effect of aging on the interface voltage. 

7. Thermoelectric Effect 

When two identical electrodes are imbedded in a semiconductor and a 
thermal gradient exists, producing a temperature difference AT between 
the electrodes, a potential difference known as the Seebeck emf will be 
established between the two junctions. This emf is essentially a func¬ 
tion of the semiconductor since the Seebeck emf for metals is only about 
0.1 % as large as for semiconductors. 

The Seebeck emf/degree at a temperature T has been related®® to the 
fundamental properties of the semiconductor by the equation, 

( 26 ) 

the sign being negative for an N-type, impurity semiconductor. A nega¬ 
tive value for the complete expression implies that the electron current 
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tends to flow from the metal to the semiconductor at the hot'junction. 
The temperature dependence in this expression is determined by the rela¬ 
tive magnitudes of the two terms in the bracket, eq. (26), the former 
causing the value to become less negative and the latter causing the value 
to become less positive with increasing temperature. Assuming Ae to be 
about l.OeF and using values of rif and ni shown in Table I, at 1000°K. 
the expression has a value of about —10"* volts/degree. Due to the 
temperature gradient through the oxide coating, a probe near the surface 
should be negative with respect to the base metal. 

The Seebeck emf was measured by Blewett^ for a sample of BaO and 
found to be negative as well as of a magnitude not inconsistent with 
eq. (26). Nishibori and Kawamura®^ report a zero current, probe 
potential of —0.1 volts. A similar effect is seen in Fig. 17 indicating an 
increasing emf with higher temperatures which brings about a larger 
thermal gradient through the coating. 

Future studies of the Seebeck emf as related to the other cathode 
parameters, Ae, rih, and n/, suggests a promising field for experimental 
research. The presence of an interface layer at the base metal will 
influence the emf only if a temperature gradient is present through the 
interface. 

8. Emission Decay Phenomena 

The emission current which may be taken from an oxide cathode is 
not always stable with respect to time, particularly when emission 
limited current is drawn. Fig. 23 shows the emission decay observed 
by Blewett®^ for a series of cathode temperatures. At still lower tem¬ 
peratures the decay may occur over a period of hours but eventually a 
stable emission level is reached. This is a repeating phenomena, the 
cathode recovering its initial emission when allowed to glow without 
drawing anode current. The rate of decay increases with increasing 
temperature and at normal operating temperatures the decay may not be 
detectable using d.-c. methods of measurement. 

With the introduction of microsecond pulse methods of emission 
measurement, it was found that the saturation current which could be 
taken from a cathode in pulses considerably exceeded the usual d.-c. 
emission capacity. Sproull®^ attempted to bridge the gap between 
pulse and d.-c. measurements and showed that decay effects persisted 
at the higher temperatures, see Fig. 24. It is generally presumed that 
the decay shown in the two figures represents one and the same phe¬ 
nomena, although this is not necessarily so. Blewett found the effect to 
be independent of the applied anode voltage and therefore termed it a 
volume effect, but its explanation has been sought in terms of a change 
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in th.e STirface sta,te. Eitker thd electroly-tic removal of barium, which 
v^ras favored, by Sproull, or the electrolytic depositioa of oxygen at the 
surface have been discu-ssed as plaasible explanations. "Wright®^ found 

sinailar decay phenomena in the con¬ 
ductivity between the base metal and 
a probe in the coating. Since the 
direction of current flov determined 
the onset of decay and since no external 
surfaces were involved, the effect was 
explained as an interface behavior. 
Electrolytic flow^ of barium ions to the 
interface might easily modify the shape 
of the barrier or change the barium 
conceritration in the interface layer. 
Quantitative agreement is obtained 
between Sproull’s theory and the ob¬ 
served decay only if 5 to 50% of the 
total conduction current is ionic. In 
order to explain the independence of 
decay vith coating thickness, it is 
necessary to assume the ionic transport 
confined to the surface of the individ¬ 
ual crystals of the coating. These 
somewhat questionable assumptions are 
not) required in Wright’s theory al- 
Fig. 23. — ^Long tiaae emission though this theory remains as yet 
decay at several ca-thode tempera- qualitative. 

tures, (BaSr) O. results cited thus far seem to 

differentiate between d.-c. and pulsed 
emission in terms of a. change in the physical state of the cathode, 
either at the external surface or at the interface barrier, resulting from an 
electrolytic phenomena. Certain additiona,!factors should be considered. 

1- ISTot all cathodes show the decay phenomena to the extent indi¬ 
cated by Figs. 23 and. 24. Fan'^ observed no d-c. emission decay in the 
time and. temperature range shown in Fig. 25. Blewett* suggested later 
that different states of cathode activity may have accounted for this 
discrepancy. In an effort to correlate pulsed emissions in excess of 
50 A /cm.* with the short time behavior predicted by Fig. 24, the writer 
has examined emission pnlses of lO jlcs duration for decay effects. At 
temperatures between lOOO and 1200®K., which was the only range 
studied, no percoptable emissiou decay was found. Bamsey^"^ likewise 
found no microsecond decay in veil activated cathodes. 
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2. The discrepancy between d.-c. and pulsed emission is not neces~ 
sarily large. Microsecond pulsed emissions in excess of 100 A/cm.^ at 
about 1100°K. are reported^’’-^^ standard cathodes whose d.-c. satu¬ 
ration emission has been considered to be less than 1 A /cm.^ Fineman/s 
recognizing that limitations on d.-c. emission were frequently imposed by 
anode effects, constructed a suitable test diode and was able to obtain 
a d.-c. emission at 1175°K. of 14 A/cm.^ for several hours. The emission 



Fig. 24.— Short time emission decay at several cathode temperatures, (BaSr)O. 
Scales adjusted to fit theoretical equation. See ref. 62. 



TIME* seconds 

Fia. 25.—Absence of long time emission decay, BaO, compare with Fig. 23. 
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was limited by a decay effect which occurred at near space charge limited 
conditions. A similar decay, at lower emission levels, had disappeared 
with suitable aging of the tube, hence it was concluded that 14 A/cm.^ 
represented only a limitation of the diode and not the ultimate d.-c. 
emission from the cathode. In a similar experiment Dillinger®® very 
recently obtained a d.-c. emission of 18A/cm.^ at 1100°K. 



Fig. 26. —Comparison, of d.-c. and microsecond pulsed emission characteristics of a 

(BaSr)O cathode. 

Following this approach to the question of d.-c. vs. pulsed emission, 
the writer compared the respective emissions at a relatively low cathode 
temperature. Under these conditions, the saturated d.-c. emission level 
is sufl&ciently low that anode dissipation is not a serious problem. The 
curves shown in Fig. 26 were taken in sequence and indicate no great 
difference in the d.-c. and pulsed capabilities of the cathode. Time 
dependent emission instabilities were observed only in the dashed regions 
of the curves. 

3. Coomes^’^ suggests that a different fundamental mechanism is 
responsible for microsecond pulsed emission than is required for steady 
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state d.-c: emission. According to this, pulsed emission results from a 
traasient phenomena, the depletion of electrons from the conduction 
band which is refilled between pulses by thermally excited electrons from 
impurity levels. A simple calculation shows that there are probably 
insufficient conduction electrons to supply a pulse of say lOQ ampere 
microseconds/sq. cm. of cathode area. Thus it is necessary to presume 
that this theory implies an appreciable flow of current from the base 
metal to the coating during the pulse, induced perhaps by high electric 
fields established in the interface. This theory, if true, might account 
for the decay observed by Sproull although it is doubtful that Blewett's 
long time decay could be so explained. 

In view of these factors, all of which require further study, there is no 
incentive to attempt a conclusion regarding the mechanism of decay or 
even the conditions under which decay exists. 

9. S'parking 

Cathode sparking or flashing, as it is referred to by the British, fre¬ 
quently imposes the only limitation to the emission current density which 
can be obtained during microsecond pulses. This phenomena is not 
necessarily deleterious to the cathode's operation except for an erosion 
of the cathode coating, for each spark is accompanied by a physical loss 
of coating. In. magnetron operation, sparking may occur at the rate of 
several sparks per minute throughout the life span of the tube. 

Two types of sparking are recognized; one, which produces a disrup¬ 
tive discharge in the tube and leaves craters penetrating throughout the 
whole coating and interface, and another, which appears as a scintilla¬ 
tion on the cathode surface and leaves shallow pits in the coating. The 
former has been attributed to an interface breakdown,®^ and the latter 
may be a function of the surface oxides.^^ 

Limiting our discussion to the disruptive spark phenomena, it is 
clearly evident that its occurrence is determined by the flow of current 
rather than an electric field at the cathode surface. Sparking of this 
type is observed under space charge limited emission conditions and the 
sparking current^’' decreases with increasing pulse length- 

Additional evidence for placing the sparking mechanism at the inter¬ 
face is seen in Fig. 27 which compares the microsecond pulsed emission 
characteristics of cathodes prepared on a pure nickel base metal and on a 
2 fo silicon-nickel alloy. The sparking points occur at much lower cur¬ 
rent densities in the cathode known to contain a thick, low conductivity 
interface layer. As the temperature is lowered, the conductivity is 
reduced, see Fig. 7, and likewise sparking current is seen to decrease. 
A second major difference in the emission characteristics of the two 
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cathodes is the manner in which the curves deviate from the calculated 
Langmuir-Child space charge limited emission line. Rather abrupt 
breaks from this line are noted when saturation emission is reached in the 
pure nickel base cathode, but only a progressive deviation is seen for the 
silicon-nickel cathode. The point of deviation appears to be at zero 
current. A discussion of this phenomena will follow later. 

Wright®’^ assumed that the potential drop, which he observed in the 
coating of an emitting cathode, appeared primarily at the interface. 
Reasonable values of this voltage and estimates of the interface thickness 
led to a voltage gradient of 10® volts/cm. in the interface layer. Unfor¬ 
tunately, the probe method is not a practical tool for measuring the inter¬ 
face voltage at the time of sparking for this phenomena frequently 



Fig, 27.—Comparison of microsecond pulsed emission oharactorisfcics of cathodes 
prepared on a pure nickel base metal, left, and on a 2% Si-Ni alloy, right. 

burns out’' the probe leads. However, this method is useful in estab¬ 
lishing that in certain cathodes the interface voltage is only slightly less 
than the total cathode voltage drop. 

A method®® was devised for measuring the total cathode voltage 
drop at any point on the voltage-current characteristic. This has been 
useful in assigning a value to the interface voltage at near sparking condi¬ 
tions as well as interpreting the anomalous progressive deviation from the 
Langmuir-Child line. The actual voltage which appears between the 
external surface of the oxide coating, in Fig. 10, can be deduced 

from naeasurements of the retarding potential reciuircd to stop electrons 
which pass through a small hole in the anode. A comparison of this 
value ^with the applied anode-cathode voltage allows an evaluation of 
Vic. Typical results on a silicon-nickel base cathode are seen in Fig. 28, 
In (A) the experimental tube characteristic, points 5,6,7, and 8, has been 
corrected for the voltage drop across the cathode. These points are 
then seen to be in reasonable agreement with the calculated space charge 
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limited emission line. The experimental points are always in better 
agreement with a line calculated on the assumption that tlie diode spacing 
is the distance between the outer coating surface and the anode rather 
than the distance between the cathode base metal and the anode. Simi¬ 
lar conclusions were reached by Mutter for the tube geometry sliown in 
Fig, 20; corrections for F* in both cathodes led to agreement with the 
coating to coating spacing. Thus it is concluded that tlie cathode is 
operating under space charge limited conditions notwithstanding the 
progressive deviation type of tube characteristic. In (li) tlie same 
cathode is obviously operating emission limited at points 9,10, and 11 
since the correction does not return the points to the calculated space 
charge line. Point 9, near the sparking point, shows a total cathode drop 
of 445 volts of which at least 300 volts appears across the interface, see 
Fig. 21. An interface thickness of between 5 X 10“^ and 10"^ cm. for 
this cathode, from Table 11, results in a voltage gradient of 0 X 10® to 
3 X 10® volts/cm. 

Such values of potential gradient clearly suggest tliat a lireakdown 
phenomena initiates the cathode spark. The mechanism of this has 
not been discussed although the principles underlying dielectric break¬ 
down are well established. 

10. Secondary Emission 

Were it not for the sizeable secondary emission coefficient oxide 
cathodes exhibit at operating temperatures, it is questionable whether 
these cathodes would be able to satisfy the emission reciuirements of 
magnetron operation. In certain tubes the cathode is capable of supply¬ 
ing only one-tenth of the total current requirements in the form of 
primary emission. Values of the secondary emission coefficient, their 
temperature dependence, and its interpretation have been studied but 
remain subject to considerable controversy. Details of these investiga¬ 
tions may be found in a separate discussion of “Secondary Emission” 
in this volume. 


V. Thin Oxide Film Phenomena 

The emission theories of Peimann and Murgoci® and I^owry^ depend 
in common on the ability of a monolayer film of barium on the base 
metal to supply the entire thermionic emission of the cathode. The 
possibility that a film of alkaline earth oxide on the base metal, as 
distinguished from a film of barium, could supply this emission has been 
considered by G. E. Moore who has given the results below and discussed 
them at several scientific meetings.®® While it is clear that such films 
could supply emissions of the same order of magnitude as observed in 
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oxide cathodes, Moore does not believe that this should be taken as 
proof that the electrons in commercial oxide cathodes are necessarily 
emitted at the interface and then diffuse through the pores of the oxide:; 

1. Thickness Dependence 

Sources have been developed which permit the evaporation of alka¬ 
line earth oxides without contamination from the free metal. A clean, 



Fig. 29.—Emission properties of thin SrO films on a Mo base metal. Temperature 
required to give a standard emission vs. thickness in monolayers. 

metal receiver filament, placed along side the evaporator, is activated 
and its emission characteristics are determined for different amounts of 
adsorbed oxide. A knowledge of the rates of evaporation and an assuined 
size of the adsorbed molecule permit the degree of surface contamination 
to be expressed in units of monolayers. T’ig. 29 shows typical results for 
the evaporation of SrO onto a molybdenum receiver. The teinpera- 
ture necessary to give a standard emission is plotted as a function of 
the amount of SrO deposited, assuming that each molecule occupies 
6.6 X 10“^® cm.2 of surface. Many curves show no minima but bend 
at about 1 monolayer and slope gently downward, up to at least 20 
monolayers. 
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EmissioD. measurements are usually limited to low temperatures to 
avoid a re-evaporation of the oxide. For a monolayer on the base metal 
under a normal oxide coating this need not be a serious limitation since 
evaporation from the adjacent coating could easily replenish the supply. 
In addition, some evidence supports the belief that films of the order of a 
single monolayer may adhere very tenaciously to the base metal. In 
Fig. 30 are shown the results of an attempt to remove a layer of BaO, 



Fig. 30.—Decrease of emission accompanying removal of BaO film from tungsten 
by evaporation at 1100°K. Emission measured at four lower temperatures at the 
time intervals shown, see text. 

initially about 20 monolayers, from a tungsten ribbon by heating at 
1100°K. At various time intervals the evaporation was interrupted 
briefly for measuring the emission at the four lower temperatures which 
are shown in this figure. 

The natural hypothesis is that the abrupt “break” in the curves at 
about 250 minutes of evaporation corresponds to the evaporation of all 
the oxide beyond the first monolayer and that the gradual decline beyond 
250 minutes corresponds to the evaporation of the monolayer runs into 
serious difficulties. Perhaps the most serious is the requirement this 
would place on the vapor pressure of the oxide in the interval up to 250 
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miDutes. Similar curves are obtained with. SrO in such experiments and 
this hypothesis would require that the evaporation rate of SrO before 
the break be 10'^ times more rapid than from the crystal^ of SrO. Other 
obstacles can be mentioned and the behavior is thought to represent 
primarily a rearrangement, rather than evaporation, although the 
rearrangement is not well understood. Undoubtedly, surface migration 
and preferential adsorption on particular crystal faces of the underlying 
material introduce complications which have not been considered. 

2. Base Metal Dependence 

Rather wide differences are found in the emission parameters when 
different base metals are used. Tungsten and molybdenum yield nearly 

Table IV. Emission characteristics of thin oxide film cathodes, normal thickness 

cathodes and metallic monolayer cathode. 


Cathode system 

Work function, 
volts 

Emission, A/cm.^ 
at lOOO^K. 

Thin oxide films 

GaO on W. 

SrO on W. 

2.1 

1.3 

10-5 

0.3 

BaO on W . 

1.2 

0.9 

SrO on Ni. 

2.0 

10-5 

Normal oxide 

CeO on Ni. 

1.9 

10-6-10-3 

SrO on Ni. 

1.4 

10-4-10-2 

BnO on. Ni. 

1.1 

10-»-10-i 

Metallic monolayer 

Ba on W. 

2.1 

2 X 10-» 





identical emissions which are somewhat higher than have been obtained 
on nickel and much higher than the emission from platinum and gold. 
The explanation for these differences is not clear although it is known 
that only tungsten and molybdenum can be flashed readily at a tempera¬ 
ture high enough to be assured of clean surfaces. A comparison of the 
emission parameters derived from Richardson plots for some of the 
coating-base metal combinations is seen in Table IV. Blewett’s^ value 
for normal thickness oxide layers and Becker^s^® values for a barium film 
on tungsten, are shown for comparison. It is apparent that the emission 
which may be taken from the oxide films is quite capable of supplying the 
total emission obtainable from thick oxide cathode whereas a barium 
film alone would hardly suffice. 

Having established a mechanism for emission from the^ base metal, 
our theories^'^ must now provide a mechanism for transporting electrons 
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through the coating to the external surface. In. view of the uncertainty 
which now exists concerning the reflection coefficient for electrons 
impinging on an oxide crystal, and the ratio of ionic to electronic con¬ 
ductivity through the oxide crystals, a further discussion would be 
entirely speculative. 

The success already achieved in treating the oxide cathode as an 
excess impurity semiconductor is most gratifying. If this success con¬ 
tinues as more and more properties of the cathode are investigated, it 
may never be necessary to perform the long sought for experiment to 
prove which theory is correct. 
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Introduction 

This article is a review of the present state of knowledge of secondary- 
electron emission by electrons from metals, insulators, and complex 
surfaces. The technical applications of secondary emission have been 
fully dealt with in some of the publications listed in the bibliography and 
consequently have not been considered in this text. Nor has secondary 
emission induced by ion bombardment been included, since, theoreti¬ 
cally, it constitutes a different phenomenon and should be considered as a 
separate field. For the most part, the material presented arises from 
work -which has been performed within the past ten years. However, 
some aspects of the subject have not been actively investigated recently 
and since secondary emission, as a complete subject, has been treated 
rather sporadically in English scientific literature, a summary is presented 
of much of the earlier work. The standard reference on the sub¬ 
ject up to 1936 is a German review by Kollath.^^ more recent publica¬ 
tion in book form by Bruining^^® deals with the subject up to 1941. 

For convenience, the bibliography has been split into two parts; the 
first part consists of text references to secondary emission publications 
prior to 1936 and other incidental text references^ the second part forms 
a reasonably complete list of the secondary emission publications since 
1936. In cases where essentially the same material has appeared in more 
than one article, only one reference has been given. For a complete 
bibliography prior to 1936, Kollath’'^ and Bruining®^® should be consulted. 

It would be desirable at this stage to give an accurate, concise 
definition of secondary emission but this is not easy. The most general 
definition is that secondary emission consists of the emission of electrons 
from a solid due to the impact on that solid of ‘'primary’^ electrons. 
This applies reasonably well in the case of pure metal targets. How¬ 
ever, it breaks down for some targets of insulators where several mecha¬ 
nisms are invoked which are quite different from that which is normally 
considered to be the mechanism of secondary emission. For example, 
the Malter effect is accepted as field emission which is merely initiated 
by electron bombardment. Until more is known about the details of 
field enhanced emission or bombardment enhanced thermionic emission, 
it cannot be said whether, these should be classified as true secondary 
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emission or not. For the purposes of this article, the general definition 
is assumed and the following symbols or abbreviations are used: 

SE: Secondary electron emission. 

d: Yield, equal to the total number of emitted electrons divided by 
the total number of bombarding or primary electrons. 

Vpi Energy of the primary electrons, which are assumed to be mono¬ 
chromatic, in electron volts. 

Vsi Most probable energy of emission of secondary electrons in 
electron volts. 

I wish to express my thanks to Dr. J. B. Johnson for many stimulating 
discussions in the course of the preparation of this review. 

I. Pure Metals 
1.1 Yield 

The most widely investigated property of SE is the yield as a function 
of primary electron energy Vp. Unless stated otherwise, it is always 



PRIMARY ELECTRON ENERGY Vp IN VOLTS 

Fia. 1.—Yield curve for molybdenum.^® 

assumed that the primary electrons impinge normal to the surface and 
that all the emitted secondaries are collected. The plot of 5 vs. Fa? is 
the yield curve and has the same general shape for all materials, i.e., for 
low Vp, 8 is much less than unity; it increases with Vp and for pure metals 
reaches a maximum value not greater than 5 = 2 for Vp equal to a few 
hundred volts. 8 then decreases slowly as Vp is further increased. 
Thus although the entire yield curve may sometimes be required or the 
yield at some specified value of Vp, the various yield curves are sufficiently 
similar so that it is often adequate to specify merely the maximum value 
of 5, (5m), and the value of Vp, (Fpma*), for which this occurs. 

As the effects of surface contamination became apparent a great 
deal of effort was expended in producing cleaner surfaces which would 
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yield more accurate values for 5. Warnecke stipulated that the metal 
should be given as extensive a heat treatment as possible until it reached 
an “end point" after which any further heat treatment made no change 
in the yield. Even this is open to criticism in the case of some metals 
such as aluminum where the oxide is much less volatile than the metal 
itself. Thus if the surface is once oxidized, it may not be possible 
to clean it off purely by heat treatment. Bruining and others have 
attempted to overcome this objection by using targets which have been 


Table I. Maximum secondary emission yields of various clean metals and some 

semiconductors. 


Element 

Smaac 

T^apCmoac) volts 

Principal references 

Ag 

1.5 

800 

87, 56, 72 

A1 

1.0 

300 

66 

Au 

1.46 

800 

56, 230, 72 

Ba 

0.83 

400 

66 

Be 

0.6 

200 

66, 230 

C 

1.0 

300 

86 

Cd 

1.1 

400 

230 

Co 

1.2 

600 

152, 108 

Cs 

0.72 

400 

66, 95 

Cu 

1.3 

600 

87, 56, 230, 72 

Fe 

1.3 

350 

72, 7 

K 

0.7 

200 

195, 134 

Li 

0.5 

85 

66 

Mg 

0.95 

300 

66, 95 

Mo 

1.25 

375 

56, 72 

Nb 

1.2 

375 

56, 72 

Ni 

1.3 

550 

152, 66, 56, 72 

Pd 

1.3 

250 

5 

Pt 

1.6 

800 

72 

Rb 

0.9 

350 

216 

Th 

1.1 

800 

66 

Ti 

0.9 

280 

86 

W 

1.4 

600 

56, 121, 72 

Zr 

1.1 

350 

86 

B 

1.2 

150 

250 

Ge 

1.2 

400 

250 

Si 

1.1 

250 

250 

Ag20 

1.1 

* » . 

120 

CU 2 O 

1.2 

... 

120 

M 0 O 2 

1.1 

... 

120 

M 0 S 2 

1.1 

... 

120 

SnOs 

1.1 

600 

258 

WS 2 

1.0 


120 
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evaporated on in vacuum. Even where relatively clean surfaces have 
been obtained., the yield will still be affected by the degree of roughness 
of the surface and by the crystal structure. Thus it is not surprising 
that even the best results on a metal such as tungsten, which can be out- 
gassed moie thoroughly than most metals, exhibit considerable variation 
fiom authoi to author. For these reasons, the compilation of values of 
8^^^ in Table I represents only what is believed to be the best available 
results. In most instances, for a well outgassed, smooth poly crystalline 
taiget, the values of ai'e probably consistent to better than 10 
However, since many yield curves have a very broad maximum, the 
values of may exhibit much wider variations. The principal 



WORK FUNCTION IN ELECTRON VOLTS 

Fig, 2.—Helation between 5max and work function of different targets. 

references from which these data have been compiled are listed in the 
table and these should be consulted for the complete yield curves. In 
general, if the values quoted are substantially the same as that given by 
Kollath,"^^ only that and more recent references are given. The most 
striking change since Kollath's compilation is the low values of for 
the low work function metals such as the alkalies. Due to outgassing 
problems, it is very probable that much of the early work was actually 
done on alkali oxides, which may give values of several times that of 
the pure metal. Data on certain semiconductors have also been included. 
The only Justification for this is that the yields of these substances are 
much like those of metals. Nothing has been published concerning 
their other SE properties and these may not necessarily be similar to 
metallic behavior. 

A correlation between work function and yield is illustrated in Fig. 2 
where the values of 5ma.x from Table I have been plotted against work 
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function. These values of work function have been obtained from 
Becker^® and most are for polycrystalline surfaces. Here again we do 
not know the surface conditions, particularly the predominant crystal 
orientation. This and other factors render unreliable some of these 
work function values so that too much importance should not be attached 
to this plot. However, this does illustrate a possible classification of 
pure metals, i.e., those with high work functions have high SE yields and 
those with low work functions have low SE yields. The inference should 
not be drawn that by increasing the work function of a metal the SE yield 
will be increased since, as will be discussed later, this is believed to be 
untrue. Rather, it is believed that the work function itself plays a rela¬ 
tively minor role in determining the SE yield but that it is linked with 
other properties of the metal which play a dominant role in determining 
the yield. Almost as good a correlation can be obtained by plotting 
Smax against the density of the target. 

Attempts have been made to correlate with position in the 
periodic table, atomic constants, etc., but these have usually produced 
trends rather than correlations. 


1.2 Shape of the 5 vs. Vp Curve 


A rough explanation for the maximum in the 8 vs. Vp relation can be 
given by defining dp ~ maximum depth of production of secondaries and 
d, = maximum depth from which secondaries can escape. Then for 

Vp < Fp(ma*), dp < d, and > 0. Similarly for Vp > Fp(max), dp > d, 

and < 0. Khlebnikov®® pointed out that according to this formula- 

tion, changes in the surface potential which affect 5 but which do not 
affect dp or da should have no effect on the value of Fp(max)- Thus it 
should be possible to distinguish between volume effects and solely 
surface effects by measurements of FpCmas)- However, since the maxi¬ 
mum is usually rather flat, this is not a particularly sensitive criterion. 

Extending this concept, Geyer®^® has plotted log against Vp 


in the range 50 volts < Fp < Fpc^ax), using his own experimental 
data and also data from Bruining and de Boer, and Copeland. He 
obtained linear relations in all such plots and by extrapolating to Fp = 0 


obtained values of the zero voltage intercept do = log 



He 


found that for a given target material, do was independent of surface 
contamination, work function, angle of incidence, and depth of penetra¬ 
tion, Moreover, metals with the same value of the principal quantum 
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number ^‘n” of tlie outermost electron shell gave the same value of 
However, the same metals in compounds yielded much different values 
of # 0 - From this Geyer concluded that do is a function of the mechanism 
of the generation of secondaries. 

Such plots depend upon careful determinations of the slope of the 
yield curve. Small errors in the latter may result in large errors in the 
slope. The author has attempted to fit data other than those given by 
Geyer to such plots with considerable lack of success. In particular, var¬ 
ious published curves on tungsten by Ahearn,^^ Warnecke,^® Coomes/^^ 
and McKay^^^ give widely differing results, and even the values for 
tungsten by Sixtus^® which are quoted by Geyer do not agree with 
his classification. Moreover, it is not possible in general to fit Wool¬ 
dridge’s^®^ theoretical curves to such a linear plot. However, in spite of 
these contradictions, careful analyses of this type may yield information 
about the mechanism of secondary electron generation. 

Considering the section of the yield curve where Vp is greater than 
FpCraax), Chaudrl and Khan’^^^ have plotted log d against Fj, and obtained 
a linear relation for^^nickel. They show that if all the energy of the 
primary electrons isj used up'jn^the production of secondaries and if 
the absorption of secondaries in the metal is exponential, a relation of the 

5 = ‘ ( 1 ) 

form is obtained agreeing with their experimental results for 600 < Vp 
< 4000 volts. To obtain this formula they assume that practically all 
the secondaries are produced at some point at which the primary energy 
has dropped down to a certain value. This is certainly an oversimplifica¬ 
tion of the process. Moreover, as Vp increases, the importance of 
reflected primaries also increases and this aspect was neglected. It is 
difficult to check this against other data in the literature since usually the 
yield has decreased very little from the maximum at the highest values 
of Vp used. However, Trump and Van de Graff^®® have measured some 
SE coefficients in the range 30 kv < Vp < 340 kv in which they have 
separated the yield due to high energy secondaries or reflected primaries 
from the total yield. If the log 5 /is plotted against Vp for the yield 
due to low energy secondaries from their data, a linear relation does not 
exist. The values of were taken from Table I but small variations 
of these values still do not produce a linear relation. Thus apparently 
Chaudri and Khan’s formula does not hold for very large values of Vp 
and certainly does not when reflected primaries are included. 

Copeland^® and Warnecke®^ have plotted the slope of the yield curve 
at a certain point where Vp is greater than FpCeaax) against the atomic 
number of the target and have obtained a general decrease with increas- 
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ing atomic number. This could best be approximated by a linear rela¬ 
tion but the agreement was not very good. It will be seen that such a 
procedure is equivalent to an approximate determination of a in Chaudri’s 
formula when the yield curve falls off very slowly. 

l.S Soft X-Ray Critical Potentials 

A great deal of early work in SE was devoted to a careful analysis of 
the “fine structure” of the yield curve in which numerous small humps 
and inflexion points between zero and about 40 volts were revealed. 
These were correlated with the energy required to produce various soft 
x-rays which, according to a theory by Richardson,^® in turn produced 
secondary electrons. However, later experiments showed that most 
of this fine structure disappeared following a really thorough degassing 
of the target and it is now believed to have arisen from the excitation or 
ionization of adsorbed gas atoms on the surface. Possibly some was due 
to elastically reflected primaries. Nevertheless, Warnecke^^ has observed 
that even after a very thorough outgassing, a few inflexion points still 
remain for tungsten, tantalum, and nickel. An attempted correlation 
between these points and possible soft x-ray energies exhibits discrep¬ 
ancies which would appear to be greater than the experimental error. 
It is possible that they might be related to the target band structure. 

1.4 Efect of Work Function on the SE Yield 

One method of determining the effect of the work function on the SE 
yield, without varying any other parameter which might affect the yield, 
is to deposit a thin layer of a different element on the target such that the 
resulting change in work function can be measured independently. 
De Boer and Bruining^^^ have calculated that an adsorbed layer, which 
is equal to or less than a monomolecular layer thick, should contribute a 
negligible amount to the SE yield due to secondaries arising within the 
adsorbed layer itself, provided Yp is greater than about 50 volts. This 
method has been used by Sixtus^® using thorium on tungsten, Treloar^^ 
with barium on tungsten and thorium on tungsten, de Boer and Bruin- 
ingiis barium on tungsten, Coomes^^i thorium on tungsten, 

and McKay^^^ with sodium on tungsten. In these experiments, the 
work function was measured either thermionic ally, photoelectrically, or 
by contact potential. All the results, except those of Coomes, have 
shown a systematic increase in SE yield as the work function is lowered, 
passing through a maximum coincidentally with the attainment of the 
optimum adsorbed layer thickness for minimum work function. Both 
Sixtus and Treloar obtained relations of the form log h = A — h(p where 
<p is the surface work function and A and h are constants for a given metal 
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and Vp. This equation, of course, holds only for adsorbed layers which 
are thinner than those for minimum work function. Treating the prob¬ 
lem classically, Treloar has shown theoretical justification for such a 
relation and Wooldridge’s^®^ quantum-mechanical treatment not only 
predicts it but is in good numerical agreement with Treloar’s experimen¬ 
tal results. Coomes’ results with thorium-coated tungsten are remark¬ 
able in that no systematic variation of yield with work function was 
observed although he did obtain an increase in yield with lowered work 
function with an oxygenated thorium coated tungsten target. The 
latter condition is too complex to be treated here while the former results 
are very difficult to explain unless the target surfaces were not what 
Coomes believed them to be. In this connection it is noted that Coomes’ 
8 vs. Vp curves for clean tungsten were not completely reproducible 
following deposition and subsequent evaporation of a thorium layer. 
Afanasjeva and Timofeev®*'* also obtained an increase in SE yield which 
passed through a maximum as potassium was evaporated on gold, silver, 
or platinum. However, as no corresponding maximum was observed 
in the photoelectric yield, this work is open to question. 

It is difficult to picture any mechanism of secondary emission in which 
lowering of the surface work function does not increase the yield some¬ 
what. However, what is most important is the relatively minor role 
that the work function plays. McKay showed that an adsorbed layer 
of sodium which effectively reduced the work function of tungsten by a 
factor of 2 increased the SE yield by only 60 %, which is in rough agree¬ 
ment with Treloar’s results of —{d/d<p)(loge 5max) 0.12ey~*-. However, 
this should be compared with the case of thermionic emission where such 
a reduction in work function would increase the thermionic emission 
current by a factor of about 10®. This contrasting behavior is attributed 
roughly to the relatively high average emission velocity of secondary 
electrons to be discussed later. One consequence of this is that it appears 
unlikely that very high SE yields can be attained merely by a lowering 
of the surface work function, i.e., if Treloar’s results be assumed to be 
valid for any value of work function, then the 5n,ax from tungsten on 
reduction of the work function to zero would still be less than three. 

1.5 Effect of Crystal Structure on the SE Yield 

"Work by Becker,^® Nichols,®*^ and others has established that the work 
function of a surface depends upon the orientation of the exposed crystal 
face. Thus, from §1.4 we should expect some variation in SE yield from 
this source.' To estimate the magnitude of the effect, let us assunae 
Treloar’s result for variation of yield with work function for tungsten in 
conjunction with Nichols’ data showing that the work function of 



74 


KENNETH G. McKAY 


tungsten varies from 4.35 volts for the (111) crystal direction to at least 
4.65 for the (110) direction. This would give a change in of about 
3%. However, Wooldridge’s theoryimplies that the crystal orienta¬ 
tion may produce variations in yield other than those caused by change 
in work functions. 

Early work by Rao^^ showed a decrease in from 1.3 to 0.76 in 
going from poly crystalline nickel to the (100) face of a single crystal of 
nickel. However, it is doubtful if the vacuum techniques employed 
were sufl&cient to, insure that the surfaces were free of adsorbed gas. 

Bekow^®® has published a preliminary note indicating that for a copper 
single crystal, 5 is different for each crystal face and is a maximum for 
the (100) face. Knoll and Theile^^® have demonstrated the effect 
strikingly by forming an electron-optical picture of the surface of a 
silicon-steel target using the secondary electrons themselves. The 
resultant picture shows intensity variations which resemble the expected 
polycrystalline structure, the interpretation being that each crystal face 
exhibits a characteristic yield. 

One method of determining the effect of crystal structure is to vary 
the temperature of the target and to observe changes in the SE yield as 
the target passes through a structure transformation point. Treloar^“® 
could observe no change in yield within an accuracy of a few per cent in 
passing through the Curie point of nickel at 358°C., the hexagonal to 
face-centered transformation of cobalt at 410°C., or the Curie point at 
770°C. and body-centered to face-centered transformation of iron at 
910°C. Wooldridge^®®’^®^ improved the relative accuracy of such 
measurements to about 0.1% by adjusting Vp so that the SE yield was 
always unity. He observed no change in passing through the Curie 
point of nickel at 358°C, or of iron at 770“C. He did observe erratic 
changes of about 1 % in the iron transformation at 910°C. but concluded 
that he was dealing with large crystal faces and that variations from one 
face to another rendered the results unreliable. He also obtained a 
reproducible change in SE yield of 0.4 % at the hexagonal to face-centered 
transformation of cobalt at 410°C. Simultaneous measurements of 
work function by contact potential measurements showed that the change 
in work function was in the wrong direction to account for this change 
in yield. 

Kollath®®’®® obtained increases in 5 when evaporated beryllium targets 
were heated above 700°C. He attributed this to a structural change 
although he had no data on any known crystal transformations for 
beryllium at this temperature. However, the changes in 5 were so large 
that it is doubtful if they could have been due solely to changes in crystal 
structure. 
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Suhrmann and compared the SE yield of targets 

of copper, silver, or gold condensed at 83°K. with that obtained 
at room temperature. At low temperatures, the targets were assumed 
to be disordered and at room temperature to be ordered. They obtained 
yields in the ordered cases of up to 30 % greater than when disordered. 
Due to the importance of Van der Waals’ adsorption of gas at low tem¬ 
peratures, it would appear very likely that adsorbed gas layers might 
play a prominent part in this type of experiment. Wooldridge and 
Hartman^®® proposed that order in an alloy produces long period regular¬ 
ity in the lattice fields resulting in a splitting of some of the bands and 
making possible transitions between levels which could not exhibit 
interaction processes in the disordered alloy. However, measurements 
on a CusAu target, in which disorder begins at 250°C. and is completed 
at 391°C., exhibited no change in SE yield greater than the experimental 
accuracy of 1%. 

Morozov^®® has measured a change in SE yield of up to 10 % in lead, 
antimony, and bismuth in going from the solid to the liquid state. The 
direction of the change depended on the bombarding velocity and also 
on the target. His explanation of these results is based on conductivity 

changes rather than crystal structure. 

The effect of crystal structure on the directional scattering of reflected 

primary electrons will be considered in a later section. 

This experimental evidence shows clearly that the crystal structure 
plays a role in determining the SE yield, although detailed data on the 
correlation between yield and structure are entirely lacking. It should 
be noted that even a substance which is polycrystalline does not neces- 
sarily expose all crystallite faces on the surface with equal probability. 
Previous cold working or heat treatments may produce preferred orienta¬ 
tions of the surface faces. For example, tungsten wire, followmg heat 
treatment, usually develops crystals with the (110) direction parallel 
to the wire axis. It is possible that even before heat treatment the 
crystallites still maintain a preferred orientation. 


1.6 Effect of Temperature on SE Yield 

Changes in temperature of the target may alter the density of adsorbed 
gas if present; they may alter the crystal structure or the surface ^^ug - 
Lss. Any of these may influence the SE yield. However when these 
complications are not present, many experimenters” ■ ■ _ ■ have 

demonstrated no observable change in SE yield 

ture In particular Morozov”' and Wooldridge'”’ have shown that 
for cobalt, iron, molybdenum, and nickel the SE temperature coefficient 
must be less than the temperature coefficient of linear expansion. Such 
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a result is in accord with a later modification of Wooldridge’s theory of 

Reichelt^®^ reported an increase in the proportion of high velocity 
secondaries at 1500°C. with a tungsten target, resulting in an increase in 
the mean energy of the secondary electrons of about a volt from that at 
room temperature. Kollath^®’’ has reported measurements which con¬ 
tradict this and suggested that Reichelt’s results might be due to an 
experimental error. 

1.7 Effect of Angle of Incidence of Primary Electrons on SE Yield 

Although most SE yield measurements have been made with normal 
incidence of the primary beam, a number of investigators have examined 

the variation of yield with incident angle. The 
general effect of oblique incidence may be seen by 
reference to Fig. 3 where for normal incidence, the 
average range of a primary electron is dp. In the 
case of oblique incidence, secondaries produced at 
the end of the range dp will be only a distance dp 
cos d from the surface, where 6 is the angle of inci¬ 
dence, and thus have less chance of being absorbed 
before reaching the surface. From this we might 
predict that the effect will be greater for Vp > Vp 
where the yield is predominantly limited by adsorp¬ 
tion of secondaries. We might expect that for low 
primary velocities where the penetration is small 
very little variation in yield with incident angle 
would be observed, and this has been verified 
experimentally by Bruining.^i He has also shown that a rough etched 
surface shows practically no variation of yield with incident angle. Such 
a result is to be expected since the actual incident angle is very poorly 
defined in this case. 

Muller^s investigated a series of metals with 1000 KVp < 4000 volts 
and concluded that over the range 0° < 0 < 80°, the yield varied as 
(cos with deviations from this ascribed to spreading of the primary 
beam. However, the assumptions he used to derive a theoretical 
expression of this form are such that they greatly oversimplify the 
problem. He also showed that the relative change in yield with incident 
angle varied in an inverse way with the target density. 

Bruining^^’®^ assumed that the secondaries are absorbed exponentially 
with distance and derived a relation of the form 



Fig, 3.—Effect of 
variation, of angle of 
incidence on the path 
length of the second¬ 
aries. 


Sfi =5 008 6) 


(2) 
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where de is the yield at incidence angle = 0 
5o is the yield at zero incidence 
Xm is the mean depth of liberation of secondaries 
a is the coefl&cient of absorption of secondaries. 

This expression was verified experimentally for lithium, barium, and 
nickel by showing that for a given target and Vp, aXm was a constant 
independent of d within 20 %. From his data it is also possible to extra¬ 
polate and obtain a value of Soo®, i-o., the yield to be expected when the 
primary beam strikes the target just at grazing angle. It might be 
expected that a curve of Sgo® versus Vp would not show a maximum since 
there is essentially no absorption of secondaries. Actually there is a 
broad maximum at a mugh higher value of Vp than for normal incidence 
and this is attributed to the scattering of primary electrons into the 
target thus still producing some absorption of secondaries, 

Lukjanov®^ has derived an expression for do of essentially the same 
form as Bruining’s and has shown that it fits Muller’s experimental 
curves. Lukjanov shows that Xm should vary inversely as the density 
which is in accord with the experimental fact that the greatest relative 
change in yield occurs with the metals of least density, 

1.8 E^ect of Primary Current on SE Yield 

Since the SE yield is normally quoted merely as a function of Vp, it is 
implied that it is independent of primary current. For metals, this has 
been confirmed by many observers under widely differing conditions 
of primary current density. 

1.9 Effect of Mechanical Condition of Surf ace on SE Yield 

There is considerable experimental evidence to show that a rough or 
porous surface results in a lowering of the SE yield. This is qualitatively 
explained by postulating that a rough surface can be likened to a series 
of holes or wells. A secondary electron, produced at the bottom of such 
a well, may be trapped by the sides of the well and hence will not be 
emitted from the surface. Such a surface can be produced artificially by 
covering the target with carbon soot either smoked on or from a colloidal 
suspension. Optically “black” surfaces can also be prepared by evapo¬ 
rating various metals onto the surface through a rare gas atmosphere so 
that metallic agglomerates are formed before striking the target surface. 
Fig. 4 by Bruining®® shows the reduction in yield with carbonized nickel. 
He concludes that the greatest reduction in yield occurs when the carbon 
granules are about 30 A. in diameter forming a fine labyrinth.®® If other 
metals are used to form the surface, they should have a high sintering 
temperature. Otherwise, upon heating the target, the agglomerates 



78 


KENNETH G. McKAY 


will sinter together forming a compact high yield surface. Jonker*’^ 
suggests a series of ribs mechanically formed on the target to reduce the 
SE yield still further. 

1.10 Effect of Adsorbed Gas on SE Yield 

In §1.4 we saw that the work function of a surface could be altered by 
an adsorbed metallic layer on the surface. The same, of course applies 
to adsorbed gas layers. 2 ® An adsorbed layer may also yield an apprecia¬ 
ble number of secondaries in itself if it is sufficiently thick. However, a 
monatomic layer probably has a yield of the order of 0.02 for Vp around 
200 volts^^® and thus the variation in yield caused by a monatomic layer 
is probably due almost entirely to the work function variation. 



Fig. 4,—Variation of yield with surface roughness;®® I, soot; II smooth carbon. 

Most papers on SE give some data on the variation of the yield as a 
function of the heat treatment so the actual amount of information 
available is quite considerable. Of course, the heat treatment may cause 
changes other than the removal of adsorbed impurity layers, e.g., it may 
alter the crystal structure.^® Moreover, when gas layers are being 
removed, they are usually of unknown thickness and composition. Thus 
we can only generalize that usually the removal of adsorbed gas through 
heat treatment causes the yield to drop possibly by as much as 50 % or 
more and most frequently the final yield curve is lower than any other 
obtained during heat treatment. The removal of adsorbed gas also 
removes many kinks in the yield curve as described in §1.3. A good 
example of this general type of behavior is presented in detail by Ahearn^® 
in work on the SE of tungsten. Actually the presence of oxygen on the 
surface may either raise or lower the yield since the physical adsorption 
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of a monatomic layer of oxygen on most metallic surfaces causes an 
increase in the work function due to the formation of an electrical double 
layer. Such a reduction in yield has been observed.However, if 
the oxygen forms a thick layer of oxide before or during heat treatment, 
the yield will be greatly altered and probably increased. Since, in some 
cases, the vapor pressure of the oxide is very much less than that of the 
metal, the oxide surface layer, once formed, can never be removed by 
mere heat treatment. This is probably the explanation of Warnecke’s 
high values for the yield from aluminum. 

There is but little information available about the effects of other 
gases. Khlebnikov®® has increased the yield of tantalum by exposing it 
to hydrogen or helium. It is possible here that the hydrogen was 
adsorbed as ions. On the other hand, Suhrmann and Kundt^^^ observed 
that exposure to hydrogen had no noticeable effect on the yield from 
copper, silver, or gold. This is in accord with the fact that physical 
adsorption of a monolayer of hydrogen atoms should not make any 
appreciable change in the work function. The behavior of complex 
surfaces prepared by deliberate oxidation is too extensive to be treated 
in this section. 


1.11 Properties of Secondary Electrons 

In the preceding paragraphs, the various factors which may influence 
the total SE yield from metals have been discussed. In the following, 
we shall consider some properties of the secondary electrons and related 
matters. 

1.12 Angular Distribution of Secondary Electrons 

No recent work is available on the angular distribution of secondary 
electrons but the results of earlier workers in the field^*®*’^^ agree that if 
the relatively small contribution due to reflected primaries is neglected, 
the number of secondaries emitted per unit solid angle is greatest in the 
direction normal to the emitting surface and decreases with increasing 
angle of emergence <p as cos <p. This is independent of the angle of 
incidence of the primary beam although as discussed previously the 
absolute value of the yield is not. A result of this type is to be expected 
since presumably the secondaries which are emitted at large emergence 
angles must, on the average, traverse a greater path length in the target 
than those emitted normally, and thus have a greater probability of being 
absorbed. It should be noted that at very high or very low values of Tp, 
the proportion of reflected primaries becomes appreciable and their 
effect is to alter the cosine distribution law as discussed later. 
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1.13 Shot Effect 

The SE yield normally defines the average number of secondaries 
produced per impinging primary. This is, of course, merely a statistical 
mean since the total number of secondaries produced by any one primary 
may vary widely. The study of the resulting fluctuations can result in 
an estimate of the maximum time of liberation of secondaries but apart 
from that is now not of much importance to the theory of SE3. How¬ 
ever, the technical applications, particularly of the results of fluctuation 
studies by SE multipliers, are of great significance. 

A number of workers such as Hayner,®^ Kurrelmeyer and Hayner,'^® 
Ziegler,®®*®® Shockley and Pierce,^®’' and others have studied this statis¬ 
tical problem and their results are essentially in agreement. It ‘would 
not be appropriate to derive their results here but it should be noted 
that analyses of the experimental results suggest that the distribution 
function governing the probability of emission of a given number of 
secondary electrons per incident primary electron, should be more gen¬ 
eral than that obtained by the use of a Poisson distribution, i.e., the 
relative mean square deviation of 5 may not be equal to the reciprocal 
of S. Shockley and Pierce have shown that for an electron multiplier 
with n stages each of average gain m, the mean square noise current in a 
frequency band A/ in the output circuit is given by 

I.W = • 2.4a/ (3) 

where Ip^Af = mean square noise in the primary current in a frequency 
band Af 

Ip = average component of primary current 
d® = mean square deviation of m 
M = m” — average overall gain 
e = electronic charge. 

This result applies for frequencies so low that the period is large com¬ 
pared with the time of collection on the final anode of all the electrons 
descended from the same primary electron at the input, i.e., the burst 
duration. Sard®®^ has extended the frequency range of the analysis and 
has shown that for the R.C.A. type 931 photomultiplier tube, the noise 
spectrum should be essentially uniform from zero frequency to about 
100 Me and should fall rapidly to a very low value for higher frequencies. 

1.1 If. Time of Liberation of Secondaries 

In general it has been assumed that the time between the arrival of a 
primary electron and the emission of a secondary is essentially zero. 
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By means of shot effect measurements, Hayner^^ concluded that the 
emission time must be less than 10~® seconds and is possibly less than 
10“® seconds. Wang^^^ has replaced the reflector in a reflex klystron 
by a SE surface and has obtained satisfactory operation at 4000 Me. 
From this he concluded that the emission time lag must be less than 
2 X 10~^° seconds or, if greater, the time lag dispersion must be less than 
2 X 10~^° seconds. Greenblatt and Miller^®® made similar observations 
in a 3000 Me secondary electron multiplier from which they concluded 
that at least some of the secondary electrons were emitted in less than 
5 X 10”^^ seconds. Although these measurements are all somewhat 
indirect, it is probable that the actual time lag in emission is less than 



Vs IN VOLTS 

Fig. 5.—Secondary electron velocity distribution from gold.®“ 

about 10”^^ seconds and is thus negligible in most experimental work 
involving SE from metals. 

I.IS Velocity Distrihiition of Secondary Electrons 

It is evident that the velocity distribution of the emitted secondary 
electrons is of the greatest importance, both in applications of secondary 
emission and in the theoretical interpretation of the process. It is 
strange that very little work has been reported concerning this phase 
recently and consequently we must rely mainly on earlier experimental 
work, some of which is difficult to interpret. 

The general form of the velocity distribution curve resulting from 
medium values of V'j,(20 < Vp < 1000 volts) has been nicely demon¬ 
strated by Rudberg,®® one of whose curves is reproduced in Fig. 6- He 
used a transverse magnetic analyzer with angles of incidence and emer¬ 
gence both equal to 45°. The curve is interpreted as follows: the large 
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majority of the electrons are emitted with energies of a few volts. These 
are regarded as true secondaries. Merged in this group and extending 
somewhat uniformly out to energies almost equal to Vp is a relatively 
small number of inelastically reflected primaries. Finally there is a 
sharp peak, at energy equal to Vp, of elastically reflected primaries. 
Apart from experiments expressly designed to investigate reflected pri¬ 
maries, practically all the work on secondary emission deals essentially 
with the “true” secondaries, i.e., low velocity secondaries. It will later 
be shown that complete neglect of the reflected primaries is not always 
possible without introducing considerable error. 

i.Id Velocity Distribution of “True” Secondary Electrons 

Although many measurements have been made of this aspect of 
secondary emission, most of them are subject to the same criticisms that 
have been made of the yield measurements: inadequate outgassing, 
absence of data on the condition of the target surface or on the crystal 
structure. It is very difficult to estimate the extent to which the data 
are affected by these parameters since but few measurements have been 
made of the velocity distribution as a function of anything but Vp. 

The distribution curve is similar, although it does not correspond 
exactly, to a Maxwellian distribution. The most probable emission 
energy will be denoted by Va max- This is always somewhat smaller 
than the average emission energy. According to Becker,® Brinsmade,® 
and others, for any given target F* max is independent of Vp for 20 
volts < Fp < 1000 volts in agreement with a theory by Kadyschevi- 
tsch242 in which it is also shown that F* max should decrease as the surface 
work function is decreased. Such behavior has been verified by Bron- 
stein224 who measured the energy distribution as a function of layer 
thickness of silver on a nickel base. 

As discussed in §1.6 there is unconfirmed evidence that the mean 
energy of secondaries from tungsten can be increased about 1 volt by 
heating the target to 1500°C. 

Kushnir and Frumin^®® have reported that for molybdenum and 
silver F« 

max increases as the angle of emergence increases. There is also 
evidence®®’®® that the velocity distribution is affected by adsorbed gas 
on the target. Thus the situation is analogous to that for the yield 
curve: the velocity distribution is determined by a large number of 
parameters not all of which are known for any given experiment. Even 
in cases where all the most important parameters have been determined, 
it is not possible to compare directly the results of different experimenters 
since the experimental conditions differ and there is not enough known 
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about the effect of the various parameters to enable one to extrapolate 
from one set of conditions to another. 

Table II shows a summary of the most recent data on the energy 
distribution of slow secondary electrons. The methods used, as described 
in §1.24 are as follows: RE, retarding electric field; TM, transverse 
magnetic field; LM, longitudinal magnetic field. The incompleteness of 
the available data is evident. This is due in most part to the experi¬ 
mental problem of making such measurements with reasonable accuracy. 
Experimentally and theoretically, the problem of the energy distribution 
is much more difficult than that of the yield curve. Apart from Kady- 
schevitsch’s^^^ work, the problem has not been treated theoretically. 
Attempts to correlate F, with the atomic number of the target have 
not proved successful. Haworth®®'^® has detected some slight subsidiary 
peaks in the energy distribution curves for molybdenum and columbium 
but these results have not been confirmed by other experimenters, e.g., 
Kollath's^®® recent work on molybdenum. 


Table II. Summary of available data on most probable secondary electron energy. 


Target 




Fp 

volts 

Fa max 

volts 

Author 

Refer¬ 

ence 

Year 

Ag 

TM 

45° 

45° 

155 

5.4 

Rudberg 

50 

1936 

Ag 

RE 

70° 

0° 

10-100 

2-3 

Langewalter 

33 

1935 

A1 

TM 

45° 

45° 

36-176 

5-6 

Brinsmade 

9 

1927 

All 

TM 

45° 

45° 

155 

5.4 

Rudberg 

50 

1936 

Be 

LM 

0° 

-^30° 


3 

Kollath 

163 

1940 

Cb 

TM 

45° 

45° 

147 

4.5 

Haworth 

46 

1936 

Cu 

TM 

45° 

45° 

155 

3.3 

Rudberg 

50 

1936 

Fe 

RE 

30° 

0° 

24-2075 

2 

Becker 

3 

1926 

Mo 

TM 

45° 

45° 

150 

3 

Haworth 

30 

1935 

Mo 

TM 

45° 

45° 

7.5-100 

4 

SoUer 

19 

1930 

Mo after 









heat treat¬ 









ment 

TM 

45° 

45° 

7.5-100 

10-20 

SoUer 

19 

1930 

Mo 

LM 

0° 

^^30° 


2.9 

KoUath 

163 

1940 

Pd 

RE 

70° 

0° 

10-100 

2 

Langewalter 

33 

1936 

Pt 

RE 

70° 

0° 

10-100 

2-3 

Langewalter 

33 

1936 

Ta 

LM 

0° 

~30° 


2 

KoUath 

163 

1940 


1.17 Velocity Distribution of Reflected Primary Electrons 

Owing in part to the relatively small number of reflected primaries 
for medium values of Vp, i.e., 20 volts < < 1000 volts, in comparison 

with what here has been defined as “true'’ secondaries, the general 
behavior of reflected primaries has not received much attention. Here 
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it is necessary to specify clearly the range of Vp with which one has to 
deal. 

a. Vp less than about 10 volts. For very low values of Vp it has been 
clearly demonstrated, notably by Gimpel and Richardson^-® (for Vp == 1 
volt), that all the secondaries are emitted with the same energy as the 
primaries, i.e., we are dealing with elastically reflected primaries. In 
such experiments, therefore, the secondary emission coefficient is replaced 
by a “reflection coefficient.’’ For such low values of Vp, the effects of 
contact potential, inhomogeneity in the primary velocities, and adsorbed 
gas play such an important role as to make the experiments very difficiilt 
to perform. Gimpel and Richardson^^® showed that for a copper target, 
the reflection coefficient is equal to 0.24 which remains constant within 
20% for 0.35 volts < Fp < 10 volts. It is probable that their results 
were to some extent affected by adsorbed gas on the surface. Brxiining**“ 
has also measured the reflection coefficient at low velocities and showed 
that for silver Sroneo. = 0.1 at Fp = 25 volts rising to 0.2 at Fp = 3 volts. 
Over the same range of Vp, barium has a S^nec. = 0.05 rising to 0.1 for 
Fp = 3 volts. Over this voltage range, Bruining had to separate out the 
reflected primaries from the true secondaries or inelastically reflected 
primaries by plots of the energy distribution. The value of Fp at which 
the emission contains only reflected primaries is not sharply defined. 
Data on this are so meager that one can only say that the ratio of elas¬ 
tically reflected primaries to the total emission decreases from 100% for 
very low Fp to a very small fraction around Fp 

Modern theoretical treatments®® of the reflection of slow electrons by 
an image force type of surface barrier indicate that as Fp —> 0 the reflec¬ 
tion coefficient should approach a limiting value of something less than 
10 % for most metals. 

b. Vp greater than 10 volts. The type of energy distribution curve 
obtained in this voltage range was shown in Fig. 5. Rudberg®« investi¬ 
gated the fine structure for energies approaching the primary enei'gy, for 
targets of copper, gold, and silver and for composite targets of calcium 
on silver, calcium oxide on silver, and barium oxide on silver. lie found 
several discrete peaks differing from Fp by a few volts. Although their 
naagnitude varied with Fp, their position relative to Vp did not, indicating 
that they represent discrete energy losses due to inelastic collisions of 
the primary electrons. These peaks were found to be characteristic of 
the target material and, indeed, by evaporating barium or calcium on the 
ta^et’ he found that the resulting changes in the loss peak structure were 
sufficient to identify surface layers of only a few atom diameters in thick¬ 
ness. Rudberg and Slater®^ developed a quantum mechanical theory 
dealing with this phenomenon which will be discussed later. 
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Farnsworth®^'^®'^^° has made extensive investigations of the scattering 
of the elastically reflected primaries using poly crystalline or single crystal 
targets along the lines of the classic experiments of Davisson and Germer. 
He has shown that for Vp = 200 volts, at least 90 % of the elastically 
reflected primaries arise from the first two atomic layers. Such electrons 
do not obey the cosine law discussed in §1.12 but are emitted preferen¬ 
tially in accordance with the Bragg law. However, such studies form a 
rather specialized field. Although they enable us to obtain considerable 
information about some aspects of the interaction of electrons with 
matter, they are not of general interest in secondary emission since for all 
but very small values of Vp, these electrons usually form an extremely 
small fraction of the total emission. There are some special cases in 
which the elastically reflected primaries cannot be ignored. Davisson 
and Germer’s^° experiments on electron reflection showed that when a 
single crystal is bombarded by primaries of the right velocity and angle 
of incidence to satisfy the conditions for Bragg reflection, as many as 40 % 
or more of the incident primaries may be elastically reflected. Since 
these primaries are reflected in beams whose directions are determined 
by the crystal structure, they may produce appreciable deviations from 
the cosine law of angular distribution of secondaries. 

Although usually the elastically reflected primaries form a negligible 
part of the total emission, the sum of these and the inelastically scattered 
primaries certainly may not. Unfortunately there is very little informa¬ 
tion available on this phase. Although it is impossible to separate slow 
inelastically reflected primaries from the mass of true secondaries, it is 
perhaps useful to pick an arbitrary value of energy and, merely for the 
sake of classification, define as scattered primaries, those electrons which 
are emitted with energies greater than this value. From Rudberg^s 
curves it is reasonable to pick 50 ev as the arbitrary distinguishing energy. 
Such a classification could only apply for values of Vp considerably larger 
than this limit. Let us assume that it holds for all Vp greater than 100 
volts. Although this definition is without physical basis, nevertheless 
it is a very useful concept practically. For example, early work by 
Farnsworth® showed that for copper with Vp = 102 volts, 25% of the 
emitted electrons had energies greater than 50 ev. A crude integration 
of Rudberg’s published curves shows that with Vp = 155 volts, the 
corresponding percentage of scattered primaries of over 50 volts energy 
is: gold 21%, silver 31%, copper 35%. Although these figures are not 
very exact, they are such as to indicate that the high speed scattered 
primaries are by no means negligible. Most SE yields are obtained with 
an electron gun bombarding a target which is more or less surrounded 
by a collector. The primary current is often measured by putting the 
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collector at a negative potential of about 60 volts with respect to the 
target and measuring the target current. Obviously, this may give an 
erroneous value for the primary current. If these high speed electrons 
strike the collector, they may in turn produce secondaries which will be 
collected on the target thus possibly reducing the actual error but not the 
uncertainty. It is true that the beam current can be determined by 
measuring the total current leaving the cathode if it can be guaranteed 
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Fia. 6.—Variation of yield for high Vp.*®® 


that practically none of the electrons leaving the cathode strike anything 
other than the target. However, this is frequently not the case. Thus 
it must be emphasized that a detailed knowledge of the behavior of high 
velocity scattered primaries must be obtained before very accurate SE 
measurements can be assured. 

For higher values of Yp, the proportion of high velocity electrons 
increases. Stehberger^^ gives the following values for a gold target: 


Vp 

Volts 

1000 

2000 

7600 

11000 


Electrons Emitted with Energies Greater 
Than 50 Ev (in %) 

20 

28 

42 

48 
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Recent work by Trump and Tan de Grafif^ss jg shown in Rig. 6. As 
they observed practically no electrons with energies between 20 ev and 
800 ev, the dotted curves represent essentially what we have defined as 
high speed scattered primaries. In this work Vp is very large compared 
with 800 volts so the relative lack of electrons in this range is to be 
expected if the high speed electrons have a more or less equal probability 
of being obtained at any voltage between 50 volts and Vp. In Fig. 7 is 



Fig. 7. Eeplot of Fig. 6 showing percentage of reflected primaries as a function of Tp. 

shown a replot of Fig. 6 giving the percentage of scattered primaries as a 
function of Fy. 

1.18 Mange of Primary and Secondary Electrons 

From the discussion in §1.2 on the shape of the yield curve, it is evi¬ 
dent that two extremely important factors are: (I) the rate of loss of 
energy of the primary electrons and (2) the rate of absorption of the 
secondary electrons. The entire problem of the rate of energy loss of 
electrons in passing through matter is too extensive and complex to be 
dealt with adequately here. Rather, we shall discuss only those aspects 
which are pertinent to secondary emission. Rethe^® has given an excel¬ 
lent wave mechanical treatment of the rate of energy loss of electrons 
with energies greater than several thousand electron volts, and this theory 
is in good agreement with experimental results. However, Bethe’s 
equations are not valid for lower electron energies and thus cannot be 
integrated to give the total range, i.e., the total distance that is traversed 
before the electron becomes indistinguishable from an electron with 
thermal velocity. Moreover, the most direct experimental approach, 
which consists of measuring the electron transmission of thin foils, 
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■becomes very difficult for low velocity electrons. The foils must be 
extremely thin and there is considerable danger that most of the trans¬ 
mission is due to thin spots or actual holes through the foil. Another 
potential source of error has been pointed out by Katz’’® and Was and 
T.ol,38 who have shown that changes in the crystal structure of such thin 
films can be brought about by electron bombardment which alters the 
transmission. Thus it cannot always be assumed that the behavior of 
electrons in a thin foil is the same as in the bulk material. 

It is generally assumed that the electron density I decreases exponen¬ 
tially with distance I ~ where a is the absorption coefficient. 

Becker^® has investigated the transmission of nickel foils in the low 
velocity region giving a value of a == 1.5 X 10® cm.“^ which is nearly 
independent of primary velocity up to 1000 volts. 

From classical theory, Whiddington^ has shown that the rate of 
energy loss is given by 

[eF(a;)]2 = (eVp)^ - ax (4) 

where eV{x) is the electron energy at distance x from the surface 
eVp is the electron energy at the surface 
a is a constant. 

TerrilP has shown that for many metals a/p = 0.40 X 10^^ volt^ 
cm.“^ within an accuracy of about ±10% where p is the density. As 
will be shown later, Bruining^^® and others have constructed classical 
theories of secondary emission using these two formulas. Bruining has 
shown that 

eFp max — 0.92 Va/a (6) 

If known values of Fpma* and TerrilFs values of a are used, values for a 
can be calculated. By this means, Bruining obtained values for oc rang¬ 
ing from 4 X 10® cm.“^ for cesium to 2 X 10'^ cm.~^ for molybdenum. 
The value for nickel was 1.2 X 10'^ cm.“^ which is considerably in excess 
of Becker's experimentally determined value. This probably reflects 
mainly the extent of the error involved in assuming eq. (4) for the rate of 
energy loss of the primary electrons. 

With a value for a and also data on the variation of yield with incident 
angle, it is possible to arrive at a figure for the mean depth of origin of 
the secondary electrons. As shown in §1.7 Bruining'*^ obtained a value 
for <xxm by this method. Using Becker’s value for a. for nickel, he 
obtained for the mean depth of origin in nickel, Xm = 30 A. or 14 atomic 
layers, for Vp = 500 volts. 

Another method of determining Xm is to cover the target with suc¬ 
cessively thicker layers of another metal with a considerably different 
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value of S. For very thin films 6 will be characteristic of the target 
metal; for thick films it will be characteristic of the layer material. The 
intermediate region is of such a layer thickness as would correspond to 
Xm- Kadyschevitsch^'^^ has pointed out that when the SE is also a func¬ 
tion of the work function, such a procedure may yield misleading results. 
Essentially the argument is that the work function of a thin layer is 
characteristic of neither the target material nor of the layer material in 
bulk. This argument would appear to be valid mainly for low velocity 



Fig. 8.—Maximum depth of origin of secondaries in platinum. 

primaries where Xm. is only a few atomic layers. Using the layer tech¬ 
nique Copeland^®® obtained the maximum depth of origin of secondary 
electrons from platinum on aluminum, as shown in Fig. 8. It will be 
seen that the maximum depth of origin increases linearly with Vp for 
small Vp. 

Hastings,^®** studying silver on platinum, concluded that secondaries 
with less than 20 ev energy originate within 15 atomic layers of the sur¬ 
face while those of less than 50 ev energy originate within the first 30 
atomic layers. He also concluded that most of the high velocity scattered 
primaries arise within the first atomic layer. This last conclusion is in 
agreement with work by Farnsworth^® and Rudberg.®® 
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TruelP^^ studied layers of magnesium on carbon with primary 
energies from 2000 to 8000 volts. He concluded that the depth of origin 
of secondary electrons in the energy range from 10 volts to 200 volts 
varies from 2 X 10"'^ cm. to 4 X 10~® cm. 


1.19 Theory of Secondary Electron Emission from Metals 

A number of attempts have been made to construct a purely classical 
empirical theory of secondary emission. Here we shall follow 

Bruining’s exposition. Let ns assume that the primaries lose energy 
according to the ^hiddington law (see §1.18), i.e., [ey(x)]2 = [eVpY “ ctic. 
We assume that the rate of energy loss of primaries is proportional to the 
number of secondaries produced per unit path length and also that the 
secondaries are absorbed exponentially with an absorption coefficient a. 
Then the number of secondaries available in vacuum which arise from a 
layer of thickness dx at a distance x from the surface is: 

di, = -Ki^e dx (6) 


where K is the constant of proportionality. Using the Whiddington law 

di, = - ax)-hdx . (7) 

The maximum penetration of the primaries is given by putting eV{x) = 0 

eWJ 

in eq. 4. Hence = - - Thus 

CL 



where r = eVp ^ The substitution here is x = - - («/<a:)y ^ 

y a a 

obtain Vp ^ax we differentiate eq. 9 with respect to eVp and equate to zero. 

- Ki, (l - 2re-/; e>‘dv) - 0 (10) 

which is solved for r = eVp •>/ a/a = 0.92 or 

eVpmax ~ 0.92 "s/cifcL (5) 

Using known values of a and a for nickel, Bruining obtained Vp ^ax = 1420 
volts as against the experimental value of 550 volts. 

For the integral in eq. 9 can be expanded by partial 

integration and all terms but the first neglected yielding an error of only 
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2% for r = 5. 


This gives 


IKjb'P 


a 

2<x ‘ eVp 


( 11 ) 


For Vp <C eq. 9 reduces to 

i, = KipcVp (12) 

which is independent of a and a, i.e., there is negligible penetration of the 
target. It must be emphasized that these expressions do not include 
reflected primaries, which for the two limiting cases, become quite 
important. 

Such a theory as this demonstrates the three main processes involved 
in secondary emission: loss of energy by the, primaries, transfer of energy 
to secondary electrons, and absorption of secondaries before emission. 
However, nothing is said about the detailed mechanism involved in any 
of these processes. Inasmuch as this involves the interaction of electrons 
with densely packed matter, little progress was made theoretically until 
the advent of quantum mechanics. Since then several theories have 
been developed. However, a detailed exposition of these would be far 
too lengthy to be warranted in this review; only the principal features of 
each can be mentioned. 

1.^0 Rudherg and Slater^s Theory 

Rudberg and Slater®^ developed a quantum mechanical theory to 
account for the reflected primaries which have suffered discrete energy 
losses as discussed in §1.17. Using the wave functions for an infinite 
crystal, they considered the probability of excitation of a bound electron 
to a higher energy level. The inelastically reflected primary electron 
would demonstrate this energy loss. Detailed calculations for copper 
showed good agreement with experiment for small energy losses. The 
departures from experiment for higher losses were attributed to the fact 
that the free-electronlike wave functions used were not a proper approxi¬ 
mation to the actual functions in the region of the surface. 

ISl Wooldridge's Theory 

Following the work of Born, Bethe, and others, Frohlich®^ developed 
a theory of secondary emission based on wave mechanics. The theory 
predicts about the right order of magnitude for the secondary emission 
and also the approximate course of the 5 vs. Vp curve. Later Woold- 
ridge^®^’^®^ pointed out some errors in Frohlich’s treatment and formu¬ 
lated a more complete and quantitative theory. 

Wooldridge uses Bloch eigenfunctions for the simple crystal lattice 
and then treats the effect of the primary electron as a perturbation prob- 
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lem. He shows that the principal source of energy loss by primary 
electrons with energy not very much greater than Vp max is caused by the 
production of secondary electrons which arise from loosely bound valence 
electrons. He shows that the contribution by inner shell electrons is 
very small. This differs from Bethels theory of rate of energy loss by 
electrons in which he considers primaries of much higher velocity. The 
boundary between the two theories lies in the region of 1000 ev primary 
energy. Wooldridge shows that the primaries lose energy in discrete 
units which, in the case of silver, amount to about 25 ev. Thus primary 
electrons of energy lower than this value (inside the metal) should not 
produce appreciable SB. 

Having developed an expression for the rate of loss of energy of the 
primaries and for the production of secondaries, he considers how many 
of these secondaries can escape assuming exponential absorption. Due 
to uncertainty concerning the lattice fields and the absorption coefficient, 
the final expression for the yield involves an undetermined paraifieter in 
addition to the energy constants of the metal. This parameter is deter¬ 
mined by matching the value of 5max to that determined experimentally. 
By this procedure he obtains good agreement with experimentally deter¬ 
mined yield curves for high density metals. However, the agreement is 
not nearly as good for low density materials. He suggests that this 
may be due to neglect of energy loss by the primaries due to free electron 
or Rutherford scattering which becomes increasingly important as the 
atomic volume increases. Wooldridge also estimates that the change in 
yield with work function should agree with experimental results by 
Treloar and others. (See §1.4.) 

Kadyschevitsch’s Theory 

Kadyschevitsch^®°’^^®’ 2^2 developed a theory of secondary emission 
on somewhat different lines from Wooldridge. It is essentially based on 
classical dynamics and quantum mechanics is used to determine the 
limits of validity of such approximations and to set up the electron band 
picture. He justifies the use of classical mechanics by postulating a 
sufficiently high relative velocity between the primary and the incipient 
secondary electrons. This restricts the theory to the range of Vp >' 200 
volts. He considers only the reaction between a primary electron and a 
perfectly free electron in the Fermi gas. He concludes that the number 
of bound electrons which can be emitted as secondaries is negligibly 
small. This is in disagreement with Wooldridge’s conclusions. Since 
lattice interaction in the collision process is neglected, a normally directed 
primary cannot produce any secondaries in the metal with velocity 
components pointed toward the surface. Therefore he then considers- 
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the dispersion and absorption of secondaries in detail and develops 
expressions for the dispersion following multiple elastic collisions. His 
final expression for the yield contains the electrical constants of the 
metal (work function, etc.) and also the mean free paths for elastic and 
inelastic collisions of primary and secondary electrons. Since the mean 
free paths were not subject to direct measurement, these quantities were 
estimated indirectly. He concludes that when the ratio of the effective 
mean free paths of the primary to the secondary electrons is equal to 
0.56, the yield is a maximum for normal primary incidence. For silver 
and nickel he obtains good agreement with experimental data for 5/Fj, 
restricting Vp to the range 200-1400 volts, although the details of calcula¬ 
tion are not given. 

The theory is also applied to compute the variation of S with incident 
angle of the primaries, the distribution of the secondary electrons in 
energy and direction, and the forward yield of secondaries from a thin 
target, all of which are in reasonable agreement with experiment. 

Unfortunately, this theory contains a number of parameters which 
can be determined only by indirect methods. It is most diflS.cult to 
estimate the extent of the possible errors involved. Consequently, data 
are lacking to enable one to predict the yield curve for other metals. 

1.2S Conclusions about Existing Theories 

At the present time, the available theories of secondary electron 
emission can explain the process in general terms but lack the detailed 
data necessary to give a complete quantitative description. As yet, 
little attention has been given to the effect of the surface except to 
postulate a surface barrier. Yet experimentally it has been demonstrated 
that the condition of the surface plays a considerable role in determining 
the yield and thus it would appear that any complete theory must con¬ 
sider the surface of the metal in detail. 

1.24 Methods of Measurement of SE for Metallic Targets 

Apart from the original discovery of secondary emission, probably 
the most important development has been the realization of the extensive 
degassing treatment and careful high vacuum techniques which are 
essential to give reproducible and reliable results. The importance of 
this was emphasized by Warnecke and by many subsequent experi¬ 
menters. The subject of high vacuum technique is too extensive to be 
treated here and reference should be made to some of the recent papers 
where careful descriptions of the experimental techniques have been 
made. 
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Nearly all yield measurements on metals jhave been made by one of 
two methods, the triode method or the electron gun method, which are 
as follows: 

In its simplest form, the triode method involves an ordinary triode 
tube in which the grid is positive in potential with respect to the plate, 
which is in turn positive with respect to the cathode. The plate forms 
the secondary emitter, the secondary electrons being collected by the 
grid. Let the current leaving the cathode be 4 of which the grid inter¬ 
cepts a fraction s. Then the primary current striking the plate is 
4(1 — s) and the secondary current leaving the plate which is collected 
by the grid is 54(1 — s) where 5 is the secondary yield of the plate at 
Vp = plate to cathode potential. Thus the current in the plate circuit is 

4 = -(5 - 1)(1 - s)4 (13) 


and the current in the grid circuit is 

ig = 54(1 — s) + sik 

Solving for 5 we get 


5 = 1 — 


(1 s)(4 +■ 4) 


(14) 

(15) 


together with the obvious relation 

4 = ig + 4 (16) 

Examination of eq. 15 shows that the fraction s intercepted by the 
grid must be determined independently and all the variations of the 
triode method hinge on this determination. These will be mentioned 
briefly; they are discussed in much greater detail by Treloar.^o® Several 
depend on the fact that for a given geometry, s is a function only of the 
ratio Vp/Yg where space charge is neglected. 

The most direct approach is to calculate s from the geometry.® This 
requires a specially designed tube and even then is none too satisfactory. 
Hyatt^^ measured s by using positive ions instead of electrons with jKpj 
less than lOO volts where the number of secondaries produced is very 
small. However, he found s essentially independent of Yp/Vq which is 
not normally true. Lange® used low velocity electrons {Vp <10 volts) 
and assumed that the secondary emission was negligible. Since we 
expect 5 ^ 0.2 due to reflected primaries, this is of doubtful validity. 
Moreover, when using very low voltages, the problem is further com¬ 
plicated by the potential drop across the filament, the initial velocity 
distribution of the primaries, and the effect of contact potentials and 
space charge. Lange also used another method consisting of a magnetic 
field parallel to the tube axis to suppress the relatively slow moving 
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secondary electrons. : It -was shown that this is valid only for Fp/F^, ^ 1 
and thus is of limited application. Myers’® made use of the difference 
in energy of the primary and secondary electrons and measured the 
temperature rise of the anode. Correlating this with the secondary 
electron velocity distribution, he obtained a measure of a which was 
independent of space charge. However, the experimental techniques 
required are very difficult and the method is valid only for Fp > 200 
volts, De Lussanet de la Sablonidre^® developed a graphical analysis of 
the tube characteristics which by successive approximations gives the 
desired result. However, severe restrictions are placed on the voltage 
range which can thus be used. Treloar’^®® constructed a second tube, 
identical with the triode on which measurements were to be made, except 
for a suppressor grid between the grid and plate. He obtained s from 
the second tube in which the secondary electrons were suppressed. 

A variation of the triode method was developed by Treloar®^ in which 
the yield from a target in filament form can be measured. The filament 
was mounted near the cathode inside the grid of a cylindrical triode. 
By a graphical analysis of the tube characteristics, he obtained values of 
the yield from the filament target which checked quite well with yields 
obtained by other methods on flat targets. For large Fp, 5 so determined 
will be too large since not all the primaries strike normal to the 
surface. 

The majority of the yield measurements are now done by the electron 
gun method. Here a well defined narrow electron beam is formed and 
passes through a hole in the collector so as to strike the target. The 
secondaries so produced are taken up by the collector which surrounds 
the target. By careful collimation it can be arranged that practically no 
primaries strike the collector. As discussed in §1.17, some difficulty 
may be experienced due to primaries reflected with or without energy 
loss from the target. This method allows a nonuniform target to be 
explored by deflecting the primary beam. In general, the results are 
more easily interpreted than in the triode method. It requires a more 
complicated tube, and in particular, careful electron gun design, to give 
a well collimated, monochromatic primary beam with a constant focus 
spot over a wide range of primary voltage. 

For measurements of the effect on the yield of various parameters 
other than Fp, an especially accurate technique is available. In an 
electron gun tube the target current is measured and Fp adjusted until 
the target current is zero; i.e., 5 = 1. The parameter, such as tempera¬ 
ture, is then changed and Fp adjusted to give zero target current again. 
The actual change in 5 must be obtained from an independent determina¬ 
tion of the slope of the yield curve around 5 = 1. This has the advantage 
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common to all null methods that very high amplification can be used in 
the measurement circuit itself. 

Three methods have been used for measurements of the energy dis¬ 
tribution of the secondaries; retarding electric field, transverse magnetic 
field, or longitudinal magnetic field which are abbreviated respectively 
to RE, TM, LM. In the RE method, the collector in an electron gun 
tube is run negative with respect to the target and the secondary current 
is plotted as a function of the collector to target potential. The first 
differential of this curve is the desired energy distribution. It should be 
emphasized that the collector should be spherical in shape, with the 
target of relatively small size, at the center. Otherwise a true energy 
distribution will not be obtained; e.g., if target and collector are parallel 
planes, only the normal component of velocity is measured. 



Fiq. 9. Measurement of secondary electron velocity distribution with a longitudinal 

magnetic field. 

In the TM method, electrons coming off the target in some given 
direction are fed into a magnetic analyzer consisting of a semicircular 
apertured tube in a uniform transverse magnetic field. The current to a 
Faraday Cage collector at the output end of the analyzer is obtained as a 
function of the magnetic field and this determines the energy distribution 
directly. In general this is more accurate than the RE method as it does 
not depend on a differentiation of the results. However, the TM method 
measures only those electrons which are emitted in one specified direction 
while the RE method includes all the emitted secondaries. For a com¬ 
plete description of the TM method, refer to Rudberg.®® 

Recently Kollath^®® employed another method originally used by 
Klemperer for /3-rays. Termed the LM method, a magnetic field is 
parallel to the primary beam. Apertures are set up so that all second¬ 
aries emitted within a certain cone enter the linear analyzer. The axial 
focusing properties of the magnetic field are used to select secondaries of 
a given velocity which are measured in a Faraday Cage. As in the TM 
method, the relation of the Faraday Cage current to the magnetic field 
gives the energy distribution directly. The LM method allows many 
more secondaries to be used in the measurement than in the TM method. 




SECONDARY ELECTRON EMISSION 


97 


Hence a smaller primary current may be used giving a greater protection 
against space charge effects. However, it does assume that the energy 
distribution is the same in all directions making a given angle with the 
normal to the target surface. As far as is known this assumption is 
correct for poly crystalline targets although it might not be valid for some 
coarsely crystalline targets. 

All energy distribution measurements require the elimination of stray 
fields and of space charge effects and corrections for contact potential. 
Thus the experimental techniques are much more difficult than those 
involved in simple yield measurements. 

II. Insulators 

2 A Secondary Emission from Insulators 

Insulators are normally defined as those substances which have 
resistivities in excess of about 10® ohms-cm. at room temperature. Any 
insulator, which can be raised to a sufficiently high temperature without 
changing form, can be classed as a semiconductor. If the yield depends 
markedly on the conductivity, this presents a certain ambiguity which is, 
however, no worse than some others which occur in this phase of SE. 
The number of variables involved in the SE from insulators is much 
greater than for metals and so are the experimental difficulties. Conse¬ 
quently, apparent contradictions in results and their interpretations by 
various authors are not uncommon. Since much of the available infor¬ 
mation cannot be simply classified, this section cannot contain descrip¬ 
tions of all recent work but rather presents those results which, it is 
hoped, will be of most general interest. 

2.2 Sticking Potentials and Yield 

Most insulators have a 5/Fp curve similar in shape, although not 
necessarily in magnitude, to that for metals in which, for a certain range 
of Vp, the yield is greater than unity. There will thus be two bombarding 
voltages for which the yield is unity. These will be designated at Vj' 
and Vp corresponding to positive and negative slopes respectively of 
the ^/Vp curve. These points assume greater importance with insula¬ 
tors than they do with metals because if an insulator is bombarded by a 
continuous flow of electrons, these points serve to separate three different 
types of operation. If Fp is less than Fp^, the surface charges negatively 
until it approaches the cathode potential when no more primary electrons 
can strike it. If Fp is greater than Vp but less than Fp“, the surface 
will charge positively up to a potential nearly equal to that of the collec¬ 
tor such that the space charge reduces the effective yield to unity. If 
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Table III. 


Insulators 


Glasses 

Pyrex.... 

Pyrex. 

Nonex...... 

Soda. 

Cover. 

Ground.. 

Quartz. 

Quartz. 

Phosphors 

Willemite.. 

Willemite. 

Willemite. 

Zinc sulfides... 

Calcium tungstate. 

Alkali Halides 

LiF.. 

NaF. 

NaCl.. 

NaCl... 

NaCl.. 

KCl.... 

RbCl. 

CsCl. 

NaBr.... .. 

Nal. 

KI. 

Alkaline Earth Compounds 

CaFa. 

BaF 2 . 

BeO. 

MgO. 

MgO.. 

CaO.. 

SrO.. 

BaO. 

BaO. 

Oxide cathode (BaO, SrO) 
Oxide cathode (BaO, SrO) 
Miscellaneous 

AI 2 O 3 .. 

AI 2 O 3 .. 

AI 2 O 3 . 

AI 2 O 3 .... 

Mica.. 

Mica.. 

Mica. 

Mica... 


’SE yield of .various insulators. 


Smax 

Vp max 
volts 

Vp^ 

volts 

Tr 

y IP 

k volts 

llefer- 

ences 

2.3 

400 

• 

2.4 

244 

2.3 

340 

< 40 

2.3 

170 

• • « • * 

• • • • 


3-5 

136, 103 

2.1 

300 

• • > . 

0.90 

: 159 

1.9 

330 

< 60 

1.7 

170 

3.1 

420 

. ■ • • 

3.8 

170 

2.1 

400 

30 

2.3 

170 

2.9 

440 

< 50 

2.3 

170 

» m m . 



3-7 

80 

. . . , 

.... 

.... 

. 5-10 

136 

.... 

.... 

.... 

20 

103 

.... 

.... 

.... 

6—9 

136 


.... 

.... 

3-5 

130 

5.6 




120 

5.7 

.... 

• . . • 

« • * . 

120 

6.8 


• • . • 

.... 

120 

.... 

.... 

20 

1.4 

125 

6 

600 

• • • * 

• • • . 

147 

7.5 

« • • • 



120 

5.8 

.... 



120 

6.5 

.... 



120 

6.2 

«... 

.... 

.... 

120 

5.5 

.... 

.... 

• « • • 

120 

6.5 

.... 

.... 

.... 

120 

3.2 




120 

4.5 

.... 

.... 

# * • # 

120 

3.4 

2000 

.... 

• * » ■ 

218 

2.4 

1500 

.... 


218 

4.0 

400 

.... 

.... 

87 

2.2 

500 

.... 


218 

2.6 

500 

.... 


218 

2.3 

1600 

.... 


2X8 

4.8 

400 

.... 


87 

8 

1500 

60 

3.5 

252 

5-12 

1400 

40 

.... 

257 

1.5 

400 


1.7 

159 

4.8 

1300 

.... 


218 

2.5 

350 

.... 


87 

.... 

.... 

20 

1.2 

125 

2.4 

300 


1.7 

159 

2.4 

380 

30 

3.3 

170 

• * • • 


.... 

3.5 

172 

.... 

.... 

20 

1.0 

125 
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Vp is greater than yj,” the surface will charge negatively until the yield 
is unity; i.e., the surface potential becomes equal to Vp^. In many 
actual insulators, ^ is to some extent a function of the collector voltage; 
i.e., as the collector voltage is increased in excess of the latter also 
increases slowly. Nelson^®* concluded that in the absence of a strong 
field at the surface, negative charges on various parts of the surface 
exert a ‘‘grid’’ effect which prevents other secondaries from escaping. 
This will be discussed more fully in §2.3. 

Since the unity yield voltages or sticking potentials form the limits 
for different types of behavior which are irnportant in practice, it is 
desirable when specifying the yield of insulators to include values for 
Vp and Vp . Table III gives a summary of most of the available 
information on the maximum yield and the sticking potentials of insula¬ 
tors. These are all supposedly thick targets and as such the results 
should not include any thin film phenomena, although it is not always 
easy to ensure this latter condition. These results are also for room 
temperature or, at least, a temperature such that the yield is not expected 
to be appreciably different from that at room temperature. Where the 
“heat conduction” method is used (see §2.9 on measurement methods) 
this may not be a valid conclusion. 

2 .S Saturation of SE Yield 

In metals, it is only necessary to apply a collecting field at the surface 
of the target sufficient to overcome space charge effects in order to collect 
all the emitted secondaries. A possible exception to this is the case of a 
very rough target surface. In some insulators, however, it is frequently 
found^°®’2^^'“® that a considerable field strength is required to obtain 
saturation of the secondary electron current. Nelson^®* suggested that 
owing to inhomogeneities in the distribution of potential on the surface, 
some areas are effectively shielded by others which thus produce a 
“grid” effect, and that to penetrate to these shielded regions a higher 
field is required. Such an effect is also created by the finite conductivity 
of the target if this has not been taken into account by the method of 
measurement, as discussed in §2.4. Bruining^^® has suggested an alter¬ 
native mechanism for certain cases based on his observations that a cer¬ 
tain time is required for the secondary current to build up to its full value. 
He proposed that small surface particles become highly charged under 
the influence of the field and thus secondaries are drawn through the 
particles with sufficient velocity to create tertiary electrons. This is 
essentially one hypothesis of “field enhanced emission” which will be 
discussed more fully in §2.7. Where a definite saturation is finally 
obtained, it appears probable that the former explanation holds although 
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it is conceivable that both effects could take place simultaneously. If 
field enhanced emission is involved it is possible that at very high field 
strengths it would change to thin film field emission (Malter effect). 

2.4 Effect of Temperature and Conductivity on SE Yield 

Unlike the situation with metals, the yield from insulators may change 
considerably with temperature if processes are involved which depend on 
the conductivity. However, if these are not present, if chemical changes 
are not involved, and if the methods of measurement are not sensitive to 
changes in conductivity, there is evidence that the yield from at least 
some insulators is temperature independent. Mueller24<t found that the 
unsaturated or “apparent” yield from pyrex glass was temperature 
dependent but that the true yield was independent of temperature over 



Fig. 10.—Effect of target conductivity on surface potential. 


the range studied of 100 to 385°C. Vudynski’s^'^'^ work on NaCl and 
KCl although rather indefinite, indicates no appreciable change in yield 
on heating to 250°C. 

It is evident that both the “grid” effect and field enhanced emission 
discussed in §2.3 should disappear as the temperature, and with it the 
conductivity, is increased. However, in the former case the yield should 
increase with temperature and in the latter case it should decrease. If 
these were the only temperature dependent processes involved, they 
could thus be distinguished. Another important effect of the conduc¬ 
tivity variation occurs if conventional methods of yield measurement are 
employed which neglect the effect of the finite conductivity of the target. 
This is illustrated in Fig. 10 where, following Bruining, we have drawn 
the dynatron characteristic of the target surface; i.e., the current through 
the target which equals the difference between the primary and secondary 
currents, plotted against the energy of the primary electrons Vp as they 
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strike the target. The exact shape of the dynatron characteristic as 
Vp-^0 will be determined by the reflection coefficient and by space 
charge effects in the primary beam. In any case fa = 0 for < 0 so 
that the exact shape at the origin will not affect the following argument. 
If the target has a finite resistance R, we can also represent the current 


through it by Ohm’s law; i.e., ia ~ 



where Va is the potential 


between the cathode and the electrode on the target. Such a line may 
cut the dynatron characteristic at three points represented by A, B, and C 
of which B is unstable. If the collector voltage is sufficiently high, there 
are then two points of stable equilibrium; one for which 5^1 and the 
other where S 0. The initial potential of the surface determines at 
which point the surface will remain. Of course, the target surface cannot 
exceed the potential of the collector. If the collector potential is less 
than Yn and ia is negative, is/ip will be greatly dependent on the collector 
potential since the target surface potential will tend to follow the collec¬ 
tor* In a true insulator where R = it is obvious that special methods 
of measurement such as discussed in §2.9 must be used. However, this 
is not always obvious with targets of finite resistivity where standard 
methods are frequently used. In these cases the effects of target resis¬ 
tivity should be carefully analyzed. 

The oxide coated cathode. Owing to its importance technically, the 
variation of yield with temperature of the oxide coated cathode has been 
studied in considerable detail. Such a target consists of a thin layer 
(about .001-inch thick) of a mixture of barium oxide and strontium 
oxide. At room temperature it is a fair insulator with a resistivity of 
about 10^ ohm-cm. This decreases to about 10® ohm-cm. at 800°C., the 
normal operating point as a thermionic emitter. However, the resis¬ 
tivity is a function of the degree of activation and this may introduce 
some degree of uncertainty as to the validity of close comparison between 
the results of different workers. 

Morgulis and ISTagorsky^®^ used a standard electron gun measuring 
technique and relied on the use of small currents to eliminate effects due 
to the layer resistance. Their highest value of Vj, was 1200 volts which 
was insufficient to reach At Vp = 1000 volts they obtained 5=3 

which is much lower than that obtained by Pomerantz or Johnson at that 
voltage for a well activated target. As the temperature of the target 
was increased they found that the yield increased exponentially, attaining 
a value of 5 = 12 for Vp — 1000 volts at 850°K. where the thermionic 
emission was considerably larger than the secondary emission. They 
fitted their curves to the expression 


A 5 = 


( 17 ) 
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where Ad — increase in yield over that at room temperature 
Q — 0.70 electron volts and is independent of Vp. 

They also measured the energy distribution of the normal component 
of velocity of the secondaries and concluded that the most probable 
energy, which equalled 4 volts at room temperature, decreased to 2.3 
volts at 600°K. Finally, they concluded that further work must be done 
to ensure that the results had not been affected by the target resistance. 

Pomerantz,2®'^-2®3 using a DC triode method, obtained values for 
Smax ranging from 3.2 to 6.8 at room temperature for Vp == 1500 volts and 
indicated that targets of low activation have substantially lower yields 
than those with normal activation. He observed an exponential increase 
in the yield as the target temperature was increased and fitted the results 
to the same expression as that used by Morgulis and Nagorsky. His 
values for Q ranged from 0.8 to 1.5 ev. Although thermionic emission 
was too copious at 850°C. to enable SE measurements to be made, he 
assumed that the exponential increase in 8 observed at lower tempera¬ 
tures would be valid at 850°C. and thus obtained extrapolated values of 
5 at that temperature ranging from 84 to 136. Such DC measurements 
do not permit the determination of short time yield variations. To 
overcome this objection, Pomerantz conducted some pulsed measure¬ 
ments as described in §2.9. Operating in the millisecond range, he could 
not observe any variations in yield with time which might indicate 
Malter effect. Using microsecond pulses, he observed nothing abnormal 
until the target reached such a temperature that it was emitting an 
appreciable thermionic current. Then he observed the same behavior 
as that ascribed by Johnson to Bombardment Enhanced Thermionic 
Emission” which is described later. Pomerantz obtained similar 
behavior on bombarding a tantalum target that had been heated by a 
separate filament so as to emit thermionically. From this he concluded 
that the effect observed by Johnson ‘‘depends critically upon certain 
experimental factors including the geometrical disposition of components 
of the experimental tube and is a property to be associated with space 
charge rather than with the target itself.” Pomerantz obtained good 
agreement of yields measured by the DC method with those observed 
with the pulsed method and stated that significant increases in 5 occurred 
before the onset of detectable thermionic emission from the target. 

Pomerantz also made some retarding potential measurements which, 
from his tube geometry, must be interpreted not as true energy distribu¬ 
tions of the secondaries but rather as some function thereof. He observed 
a decrease in the peak value of this function as the temperature increased, 
which he interpreted as being in agreement qualitatively with the results 
reported by Morgulis and Nagorsky. 
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We have considered Pomerantz’s results in some detail because they 
contain some substantial points of disagreement with those of Johnson, 
supposedly on the same type of target. All of Johnson's reported 
work235.248,249,257 been done with a pulsed technique using pulses of a 
few microseconds duration. At room temperature, he obtains values 
of for Vp =? 1400 volts ranging from 5 to 12, depending on the condi¬ 
tion of the target. Defining the yield as that obtained from the peak 
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Fig. 11.—Variation, of yield of oxide coated cathode with temperature.®®’ 

value of SE current during the pulse, he obtains a variation in yield 
with temperature as shown in Fig. 11. The waveforms shown are those 
of the current through the target corresponding to the different tempera¬ 
ture ranges. At low temperatures, the current charges up the target 
surface, causing it to approach the collector potential and thus reducing 
the effective yield, near the end of the pulse. This effect was not observed 
by Pomerantz which suggests that his targets had considerably higher 
conductivity. As the temperature increases, the yield decreases, 
levelling off around 500°C. In this temperature region, the conductivity 
has increased sufficiently to eliminate charging up of the surface. When 
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thermionic emission sets in, the yield increases sharply but the pulse 
shape shows that this increase is due to electrons which are not emitted 
simultaneously with the arrival of the primaries but increase in number 
with time more or less as 1 — and continue to be emitted after the 
primary beam is turned off, finally dying away after a few microseconds. 
If A5 is defined as the difference between the yield at high temperatures 
and that at 500°C., Johnson can fit his results to the same equation used 
by Morgulis and Nagorsky. He interprets the observed yield at high 
temperatures as being due to a true secondary yield with a 6 probably 
equal to that obtained at 500®C., and, superimposed on this, a temporary 
enhancement of the thermionic emission caused by a change in the 
thermionic emission constants as a result of the electron bombardment. 

Johnson has shown that the enhanced part of the yield appears to 
vary linearly with primary beam current (as does the true SE yield), that 
it is practically independent of bombarding voltage above Vp = 200 
volts which is radically different from the behavior of the true yield, and 
that the enhanced yield is roughly proportional to the steady thermionic 
current. He has obtained these results with a number of targets, with 
different tubes of differing construction geometrically, and over a range 
of primary currents. It is difficult to imagine any space charge mecha¬ 
nism, such as was suggested by Pomerantz, which could account for such 
behavior under these widely differing circumstances, and it appears 
probable that Johnson's interpretation is essentially correct. If we do 
not accept it, we are faced with the formidable problem of formulating 
some other mechanism which can account for the very high yields 
observed at high temperatures. At present, there is no theoretical 
justification for such yields from a target with high conductivity. How¬ 
ever, when we accept Johnson's interpretation, we have the dijB&culty 
of accounting for the increase in yield with temperature at lower tempera¬ 
tures observed by Morgulis and Nagorsky and by Pomerantz, as con¬ 
trasted with the decrease observed by Johnson. We can only surmise 
that the target materials were not the same. It is tempting to suppose 
that Johnson's high yields at room temperature were caused by field 
enhanced emission which would decrease as the conductivity increased. 
This will be discussed further in §2.7, 

To sum up, it is evident that the effects of temperature on the yield 
of insulators may be quite complicated and it is probable that only 
through the use of pulsed techniques can the various processes involved 
be evaluated properly. 

^.5 Velocity Distribution of Secondary Electrons from Insulators 

Geyer^^^ has measured the velocity distributions of slow or ‘‘true" 
secondaries (see §1.15) for layers of various thickness of NaCl and MgFg 
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on a base of nickel by a DC retarding field method. For films sufficiently 
thin to give adequate conduction, he found that the most probable energy 
of the secondaries Vs was equal to 1 volt or less. 

Vudinsky^^^ has also investigated the velocity distribution of sodium 
chloride by a similar method. He showed that the distribution is the 
same for a single crystal as for a powdered layer and that Vs max is essen¬ 
tially independent of the bombarding voltage Vp although the average 
energy of the secondaries does increase slightly as V.p increases from 300 
to 1500 volts. He obtained values of Vs max which were just below 1 volt 
although no correction was made for ‘^contact” potential. To obtain 
adequate conductivity, Vudinsky heated up his targets. However, both 
he and Geyer observed a substantial increase in the yield as the potential 
of the collecting sphere was made positive with respect to the target; 
i.e., lack of saturation. Vudinsky observed that although a change in 
primary current altered the shape of the distribution curve it did not 
affect the position of F* max- Thus, although it is probable that both 
experiments were affected by the lack of conductivity, yet the values of 
Vs max may be reasonably reliable. 

Johnson^s^has shown that the mean velocity of emission of secondaries 
from an oxide cathode is much less than that from nickel. We may con¬ 
clude that at least for those few insulators which have been studied, the 
mean energy and the most probable energy of emission of secondaries 
from insulators are considerably less than from metals. This is in 
agreement with conclusions reached by Kadyschevitsch^^^ based on an 
extension of his theory of SE from metals and dielectrics. 

Very little is known about reflected primaries from insulators. 
Bruining^® has shown that in the range of 3 volts < Vp < 2b volts, the 
yield or reflection coefficient from barium oxide is several times that from 
barium. Krenzien^^® has obtained similar results on thin layers of alkali 
halides. He also concluded that the reflection was completely elastic 
until Vp exceeded a value which corresponded to the long wavelength 
limit of ultraviolet absorption of the crystal. Rudberg^® observed loss 
peaks of BaO and CaO which differed from those of barium and calcium 
but no data are available concerning the yield of reflected primaries, 
including all those which have been inelastically reflected for medium or 
large values of Vp. 

2.6 Miscellaneous Properties of SE from Insulators 

Practically no information is available on the range of slow electrons 
in insulators- On indirect evidence, Geyer^^"^ concluded that electrons 
with less than 1000 ev energy could travel more than 300 molecular 
diameters in NaCl. Bethe^®® and others have suggested that the mean 
free paths of secondaries in insulators should be much e-reatftr than ^n 
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metals since there are relatively few conduction electrons to which they 
can lose energy. Thus to be absorbed they must recombine with a 
positive hole or be trapped by an impurity or imperfection. The fact 
that the maximum yield from insulators usually occurs at a higher Vp 
than for metals suggests that this may be correct if the depth of pene¬ 
tration of the primaries is roughly the same in both cases. 

In some cases the apparent yield from insulators is not independent 
of primary current. Where surface charging effects take place, the time 
rate of change of surface potential will be a function of the primary 
current. Moreover, Bruining®® has shown that the yield from alkali 
halides, in particular sodium chloride, decays to lower values with time 
of bombardment. Presumably this is due to the creation of color 
centers by the primary bombardment. Eventually metallic agglomerates 
are formed which effectively change the target composition. The 
rate at which they are formed is again a function of primary current. 
Vudinsky^^^ has reported an increase in yield of KCl and NaCl with 
increased primary current. It is probable that this was due to the addi¬ 
tional conductivity introduced by the color centers which increased the 
apparent yield as distinguished from the true yield. He has also “stabi¬ 
lized'' the yield from these insulators by exposure to vapors of alkali 
metals, thus creating more color centers. 

It was once thought that the variation of yield with angle of incidence 
for insulators was quite different from that for metals, involving certain 
critical angles where abrupt changes in yield occurred. This has since 
been attributed to surface charging phenomena. Recently Salow^’’^ and 
Scherer, using quite different methods, have shown that for mica, glass, 
and ZnS the variation of yield with angle of incidence agrees well with 
Muller's data on metals. 

$.7 Double Layer Formation and Field Enhanced Emission 

The hypothesis of field enhanced emission has been proposed to 
explain the results obtained in a number of experiments with insulators 
and insulating films. Essentially, it is assumed that a field is created 
by positive surface charges or by other means which extends into the 
body of the insulator and thereby increases the yield either by creating 
an “avalanche" of electrons or by lowering the surface barrier in the 
vicinity of the surface charge. The effect is likened to an “inertialess" 
Malter effect (see §2.4); i.e., the secondary current does not exhibit 
the time lags characteristic of Malter effect. The hypothesis of field 
enhanced emission has been used to explain the very high yields obtained 
from some insulators, lack of saturation of secondary current with 
collecting field and certain discontinuities in the yield of insulators 
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around unity yield points. Inasmuch as alternate hypotheses can be 
advanced to explain at least some of these effects, it is a somewhat con¬ 
troversial subject and all the evidence for or against it cannot be pre¬ 
sented here. Instead, some representative experiments and arguments 
will be discussed. The experimental evidence is considered in greater 
detail in a recent article by Trey.^®^ 

Hintenberger^^® bombarded targets of mica, AI 2 O 3 and NaCl using a 
DC technique and measured the surface potential as a function of time. 
For Vp slightly greater than so that 5 > 1 , he observed that at first 
the surface charged up close to the collector potential. It then fell ofi 
slightly and finally fell abruptly to the cathode potential. For higher 
values of Fp, the surface remained near the collector potential throughout. 
He proposed that while the surface charged positively since 5 > 1 , the 
primary electrons themselves formed a negative space charge underneath 
the surface. Thus a field was formed tending to expel electrons from 
the target, thereby enhancing the yield. Continued bombardment 
resulted in a movement of the internal space charge towards the surface 
since further primaries would not penetrate as deeply due to space 
charge repulsion. Finally when the space charge reached the surface, 
it would fall to cathode potential. It should be noted that this type of 
behavior could also be explained by a ‘‘patch” field theory in which 
part of the surface initially had a 5 > 1 and part with 5 < 1 . As the 
low potential area charged towards cathode potential it would bombard 
the high potential area with slow electrons for which 5 < 1 and even¬ 
tually the entire surface might fall to the cathode potential. This is 
probably not a very good hypothesis but at least it is a possible one which 
does not involve field enhanced emission. 

Nelson^®^'^®’’ observed a sudden increase in yield with a film of MgO 
on nichrome as Vp increased through Fp* where 6 = 1. He attributed 
this to field enhanced eihission and showed that it coincided with an 
abrupt increase in the surface potential. Tasnopofiski^®® has attributed 
this action to the layer resistance itself (see §2.4) although Nelson 
believed that the relation between the net flow of current through the 
film and the voltage across the film was nonohmic. Copeland^^^ j^^s also 
observed a sudden break as Fp increased through Fp“ for gassy sodium 
films which he attributes to double layer formation. Unfortunately he 
did not investigate the variation of surface potential simultaneously. 

The importance of the hypothesis of field enhanced emission becomes 
evident when an explanation is sought for the high yields found in many 
insulators. Bruining and de Boer,Maurer,*®^ and Morgulis^®^’^®® 
believe that such high yields occur in insulators in which the first empty 
conduction band lies near or above the potential of the surface barrier 
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(see §2.8) and that there is no special emission from so-called active 
centers, or enhancement of the yield due to fields formed in the insula¬ 
tor.* On the other hand, Timofeev, Pyatnitski,^^® Primer, and 

others believe that, in all such cases, positive ions imbedded near the 
surface help to draw the electrons out in a modified form of Malter effect. 
Even though the lifetime of such ions before recombination may be very 
short, they may still help many electrons to escape. Timofeev and his 
coworkers have carried out a long series of experiments with complex 
surfaces, the results of which they have explained by this hypothesis. 
However, they have not used pulse techniques and their results are com¬ 
plicated by the effects of target conductivity so that alternative explana¬ 
tions of their results are applicable. In any case their ideas, right or 
wrong, have enabled them to prepare high yield surfaces of considerable 
stability which will be discussed in §3.3. 

One of the main difficulties with these various hypotheses of field 
enhanced emission is that there is not enough information available to 
put them on a quantitative basis. The validity of Timofeev’s assump¬ 
tion that a positive surface charge augments the yield by lowering the 
work function, cannot be evaluated until more is known about the effect 
of work function on the yield from insulators. Although the work func¬ 
tion plays a relatively minor role in determining the yield from metals, 
this may not be the case with insulators, especially those in which the 
bottom of the conduction band lies very close to the top of the surface 
barrier. 

Another unknown factor is the magnitude of the field strength 
required across all or part of the target to produce an appreciable increase 
in yield. If this field serves merely to produce a drift velocity of second¬ 
aries toward the surface, it may not have to be very large since the 
secondaries may have a long life time in the conduction band. If, how¬ 
ever, the field strength must be sufficient to produce tertiary electrons, 
as assumed by Bruining, it must be close to that required to induce 
dielectric breakdown, namely, 10® volts/cm. In any of the proposed 
mechanisms of field formation, a finite time is required to set up the 
field and this suggests a possible approach to the problem. Let us 
examine the variation with time of the field strength E set up across a 
target by the production of a net positive charge on the bombarded sur¬ 
face with 5 > 1. If the primary electron penetration is negligible com¬ 
pared with the target thickness, then the field strength at any given 

* It should be noted that Bruining does admit the possibility of the existence of 
field enhanced emission in those cases where the secondaries exhibit a pronounced lack 
of saturation with collector voltage. He suggests that the secondaries may acquire 
sufficient energy from the field inside the insulator to produce tertiary electrons. 
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instant of time “i” seconds after primary bombardment begins, is given 
by 

E — {5 — — e ) volts/cm. (18) 

where p = specific resistivity in ohm-cm. 

jp = primary current density in amp./cm.^ 

K — dielectric constant. 

This field strength will continue to increase with time until the surface 
potential approaches that of the collector and space charge effects set in, 
or until the leakage current density through the target equals (5 — l)jp 
if space charge is negligible. Thus E cannot exceed either Vc/d or 
(5 — l)ipP where Vc is the potential of the collector relative to the target 
electrode and d is the target thickness. If the leakage current is neg¬ 
lected, eq. 18 reduces to 

E = ‘1.13 X 10^® volts/cm. (19) 

If, instead of assuming that the field is effective throughout the target 
thickness, we accept Hintenberger’s hypothesis that the field is formed 
between the positive surface and the trapped primary electrons, we 
would modify eq. 19 by replacing (5 — 1) by simply 8. 

The possibility was mentioned earlier that the high yields which 
Johnson observed for oxide cathodes at room temperature might be 
caused by field enhanced emission. In a typical measurement he has 
observed that the SE pulse reaches its maximum value in less than lO”^ 
seconds. The other required values are 8 = 11, jp — 1.5 X 10"^ amp./ 
cm.^, K = 3.5. Putting these in eq. 19, we find that the field strength 
across the thickness of the target at maximum yield is 480 volts/cm. 
If we assume that trapped primaries augment the field, we could increase 
this to 530 volts/cm. These would appear to be rather low field strengths 
compared to those required in photoconductivity work. It is unlikely 
that such low fields could affect the yield appreciably unless the bottom 
of the conduction band lies very close to, or above, the surface barrier 
since the secondaries will rapidly lose energy until they reach the bottom 
of the conduction band. The field will then produce merely a drift 
velocity in the direction of the surface and if the surface barrier cannot 
be traversed by electrons with thermal energies, they cannot contribute 
to the SE yield. 

2.8 Theories of Secondary Emission from Insulators 

Apart from the hypothesis of field enhanced emission which has 
already been discussed, several theories, mainly qualitative, have been 
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proposed. Bruining and de Boer^^o assume that if the first conduction 
band available to the secondary electron is near or above the potential 
of the surface barrier, the secondary has an excellent chance to escape 
into vacuum, particularly since it probably has a very long mean free 
path. However, in a semiconductor possessing allowed energy levels 
which are well below the surface potential, a secondary electron may go 
to the lower level in which case it cannot escape. It may also go to a 
higher level, but then it has the possibility of dropping down to the lower 
unfilled levels thus reducing the probability of escape. They give the 
alkali halides as examples of the first group (8^5), and compounds such 
as CuzO, M 0 S 2 , (5 ^ 1) as representative of the second. The latter 
usually show light absorption at longer wavelengths than the ''red" 
limit of the external photoelectric effect. Bruining and de Boer also 
showed that for N*aCl the actual emission was ten times the rate of forma¬ 
tion of color centers by the primary beam. From this they concluded 
that the emission does not originate from active centers but from the 
lattice electrons themselves. 

Maurer^ has fitted these ideas into a more quantitative form but 
since his final equation for the yield involves a number of quantities, 
such as diffusion coefficients, which are at present unknown, it is difficult 
to make use of it except qualitatively and, in that sense, he is in agree¬ 
ment with Bruining and de Boer. 

Kadyschevitsch^^® has extended his theory of SE from metals to 
include dielectrics and semiconductors. The treatment is extremely 
similar except for different parameters. In particular, he assumes that 
the secondaries must receive a large impulse from the primaries and hence 
the interaction can be considered as between two free electrons. The 
final conclusions are again essentially qualitative, since they depend on 
unknown parameters, and are in general agreement with Maurer. 

As is the case for metals, little attention has been paid to the precise 
role of the surface in any of the theories of SE from insulators. The 
possible effects of surface states*® has not yet been treated. There is no 
evidence that the surface is less important in insulators than in metals and 
it is indeed possible that here the surface effects are of great importance. 

^.9 Methods of Measurement of SE for Insulating Targets 

Measurements of the yield from insulators require either that the 
potential of the bombarded surface be fixed or else that it be measured 
simultaneously with the SE measurement. The means of accom¬ 
plishing one or the other will be subdivided into static or quasi-static 
methods and dynamic methods. 
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Static Methods 

Low current method. Most of the earlier work was done using 
low values of DC current in either the triode or electron gun method. 
Although the bombarded surface charges up (or down, depending on 
whether b is greater or less than unity), the surface potential changes 
slowly and the yield can be plotted as a function of time. By extrapola¬ 
tion the actual yield can be deduced from this apparent yield. The 
inherent limitation to extremely small currents can be relieved if the 
surface potential can be controlled by some other means such as those 
that follow. 

Heat conduction method. Upon heating an insulator, it becomes either 
an intrinsic or impurity semiconductor providing thermal decomposition 
does not occur. Metallic contact can be made to the outside target 
surface; i.e., the surface opposite to that which is bombarded. If the 
input resistance of the measuring circuit is much higher than the resist¬ 
ance through the semiconductor, the voltage drop through the target 
will be negligible. Nelson^**® and others’-*'^^-^®® have used this method in 
the study of SE from luminescent screens inside cathode ray tubes. If a 
high sensitivity electrometer is used for the measurement, the glass 
envelope need not be heated excessively. The method was also used by 
Mueller^^^ in a study of pyrex glass. 

Thin film method. Geyer^^'^ and others have used very thin insulating 
films on a metallic base such that electrons could be drawn through the 
film and thus control the surface potential. However, it is doubtful if 
the properties of such thin films are representative of those of the bulk 
material. 

Excitation by infrared. In studies on sodium chloride, Geyer^^^ pro¬ 
duced color centers by the electron bombardment. He then irradiated 
the target by infrared light, ejecting electrons from the color centers into 
the conduction band. These electrons then acted to neutralize the 
surface charge. However, the results are difficult to interpret since the 
density of color centers as a function of primary electron path length 
must be known. 

In any conduction method it is evident that the concentration of 
electrons in the conduction band should remain low or else the yield 
may not be characteristic of that of the original insulator. 

Direct measurement of surface 'potential. There is some doubt if an 
electrostatic measurement of the surface potential of an insulator is 
always valid because of the possibility of the formation of a charge layer 
under the surface.^®® However, the evidence for such behavior is not as 
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yet conclusive. The following methods of surface potential measurement 
have been used. 

Electron beam voltmeter. Schererand Piore and Morton^®® bom¬ 
barded the target with an electron beam directed normally to it. A 
second electron beam was shot at right angles to this beam, parallel to 
the target surface and a few millimeters above it. The second beam was 
deflected by the surface potential of the target, the deflection being 
observed on a fluorescent screen. A deflection calibration was obtained 
by replacing the insulator by a metallic target and plotting the deflection 
as a function of target potential. 

Grid method. Nelson^®'^ mounted an auxiliary filament and a collector 
close to the target surface and used the target surface potential as a 
“grid” to control the electron flow from the filament to the collector. 

Velocity distribution method. Nelson^®^ also mounted a Paraday 
Cage collector in such a way as to intercept secondaries from the insula¬ 
tor but presumably such that voltage variations of the cage would not 
affect the target surface potential. Plotting the cage current as a func¬ 
tion of cage voltage, he obtained a sharp “break” where the cage voltage 
equalled that of the target. 

Direct measurement method. Nottingham®^ embedded some fernico 
wire probes in the insulator near the bombarded surface and thus meas¬ 
ured the surface potential. 

Dynamic Methods 

One of the reasons for the relatively small amount of work which has 
been done on SE from insulators is the difficulty or uncertainty of the 
static methods just described. It appears probable that the application 
of high frequency or pulse techniques, which are classified here as dynamic 
methods, will do much to develop this important field. 

Direct pulsing method. Although the most recent historically, this is 
essentially the most basic of the dynamic methods. It was first used by 
Johnson^®®'"'^®'^ and later by Pomerantz^®^ in the study of oxide coated 
cathodes. Fig. 12 shows Johnson’s circuit schematically. The primary 
electron source is maintained at — Vp but the beam is normally cut off by 
the negative grid bias. The back of the target is connected through a 
small resistor to ground and the voltage developed across it is amplified 
by a wide band video amplifier and displayed on an oscilloscope. Due 
to the small but finite conductivity of the target, the target surface 
is normally at ground potential. The pulser then delivers a short 

1/isec.) flat topped pulse to the grid which turns on the primary beam 
for this interval. This is synchronized with a fast horizontal sweep on 
the oscilloscope. The impedance of the target layer itself thus produces 
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a current through the load resistor equal to is — which appears as a 
pulse on the oscilloscope. If the primary current and the target con¬ 
ductivity are such as to cause appreciable surface charging during the 
duration of the pulse, this will be observed as a reduction in pulse height 
towards the end of the pulse. By varying the recurrence frequency of 
the pulses i.e., the duty cycle, a sufficient time can be allowed between 
pulses to enable the target surface again to reach ground potential. The 
primary current can be measured by observing the pulse with the collec¬ 
tor negative as shown or by observing the current pulse leaving the 
cathode if the beam is well focused on the target. The latter method 
eliminates the effect of high-speed secondaries as discussed in §1.17. 
The measurement of 5 can be made quite accurately by the use of well 
designed attenuators in conjunction with the amplifier. 


GUN TARGET 



Fig. 12. —Schematic for SE yield determination by direct pulsing method. 


Dynamic two gun method. Salow^’’® used essentially the same method 
that Johnson did except that he used long pulses and the very high 
recurrence frequency of 50 kc. In this case, the surface could not 
recover to its rest potential before the occurrence of the next pulse so 
Salow flooded the target with an intense DC electron beam from a second 
gun at such a potential that F'j,(dc) < and thus the target surface 
remained essentially at the potential of the cathode of the DC emitter. 
A somewhat similar method has been used by Nemilov.^®”^ 

Heimami and Geyer’s method. Heimann and Geyer^®^ maintained a 
steady beam current and pulsed the potential of the primary emitting 
cathode. To set the target potential initially, they located the upper 
crossover point With Vp = as the initial state, they suddenly 

reduced F^p to a smaller value by pulsing the cathode. The response was 
displayed in the same way as previously described and they could thus 
plot out the yield curve between the two crossover points. A limitation 
of this method is that it can only be used where 5 > 1 and it also requires 
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a more powerful pulser than that needed for grid modulation. As they 
used it, it also required that the point Vp be located.* 

III. Composite Sureaces 
S.l Composite Surfaces and Thin Film Phenomena 

This section has been separated from that on insulators because it is 
not at all clear that the SE properties of thin insulating or semiconducting 
films on a metallic base are the same as they would be for the bulk 
material, even if pulsed methods were used which prevented surface 
charging effects. Moreover, the surfaces to be discussed are usually so 
complex that no attempt has as yet been made to explain their action 
except qualitatively. Consequently, both the results and their inter¬ 
pretations differ considerably and the overall picture can be presented 
only in very general terms. Unfortunately, these are the surfaces which 
are, at present, of the most commercial value since they may have high 
yields and also sufficient conductivity to eliminate charging effects. 
With few exceptions, all of the results to be quoted have been obtained 
by DC methods and in some cases surface charging probably has played 
a role. 


3.2 Yield from Photocathodes of the Form [Ag]-Cs20, Ag-Cs 

A typical photocathode is formed by oxidizing a silver backing plate 
so as to give a layer of silver oxide several hundred molecules thick. If 
cesium is then admitted, it is completely absorbed by the silver oxide. 
The system is then heated (to 250°C.) and a reaction takes place between 
the silver oxide and the cesium giving cesium oxide and free silver. 
Some excess cesium is absorbed on the surface of the layer and a sensi¬ 
tive photoelectric surface results.^® It was used by Farnsworth®’’ as a 
SE target in a SE multiplier and has since been the subject of many 
investigations. In general, ranges from about 5 to 10 at values of 
Vp between 500 and 1000 volts. Weiss®^ has shown that the yield is 
relatively independent of the thickness of the CS 2 O layer although for a 
certain thickness it does reach a maximum about 20% higher than 
normal. He has also studied the effects of different base metals and 
showed that the highest yield, about 11, was obtained for silver and the 
lowest yield, 2.3, for gold with ten other metals in between. Penning 
and Kruithof®^ showed that the photoelectric sensitivity could vary 
considerably but the SE yield would remain essentially constant. Zwory¬ 
kin, Morton, and Malter®’ have shown that the amount of free cesium 

* A similar “manual" pulsing procedure has been used to measure the SE of 
iconoscope targets. See Janes and Hickock, Proc. Inst. Radio Engs., 21, 639 (1939). 
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present for the highest SE yield is less than that needed for maximum 
photosensitivity. These results have been confirmed by Timofeev and 
Pyatnitski®® who obtained the highest yield for an oxide layer of about 
200 molecular diameters on a silver base. They observed the SE and 
photoelectric yield simultaneously as the target was heated and the 
adsorbed cesium atoms were evaporated off. The maxiihum SE yield 
was obtained at a point where the ffee cesium concentration was much 
lower than that for optimum photosensitivity. Moreover, the SE yield 
was much less dependent on the free cesium concentration than was the 
photosensitivity. They obtained similar results with cathodes formed 
with rubidium or potassium in place of cesium.From this they 
concluded that while the photoelectrons arise from the surface, the 
secondary electrons arise from so-called emission centers consisting of 
pieces of alkali metal distributed throughout the oxide, and the escape 
from the target of the secondaries is aided by field enhanced emission. 

Dobroljubski^^"'^^-®'^ observed that the SE yield correlated with the 
integral photosensitivity in the ultraviolet but not in the visible or 
infrared. He concluded that the secondaries arise either from the oxide 
layer or the base material. Treloar^®® obtained yields similar to Zwory¬ 
kin’s using a base material of either silver or copper. He also prepared a 
target which did not contain free silver in the cesium oxide and obtained 
practically the same yields as previously. From this he concluded that 
the secondaries do not arise from metallic emission centers in the oxide 
as claimed by Timofeev and Pyatnitski. Borzyak^^’^ also arrived at the 
same conclusion as did Treloar. It should be mentioned that Treloar 
found that he could increase the yield from such targets by about 20% 
by “aging” them. This consisted of drawing a 1-milliampere space 
current from the target for several hours. 

Kwarzchawa^® observed a decrease in SE yield from a surface whose 
photoelectric yield had decayed and concluded that the secondaries 
must arise from the adsorbed cesium layer. As previously discussed, it 
is most unlikely that a monomolecular adsorbed layer could give rise to 
an appreciable SE yield. However, it is quite possible that the photo¬ 
electric exhaustion caused a change in conductivity and could thus affect 
the yield. 

Khlebnikov and Korshunova®^ demonstrated that it was necessary to 
have free silver or free cesium atoms in the oxide layer to obtain a high 
yield and concluded that the secondaries arise principally from these 
active centers. However, they admitted that the role played by these 
free particles might be merely to increase the layer conductivity. 

From all this mass of data, much of it conflicting, we can arrive at 
the important conclusions that the photoelectric sensitivity to visible 
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liglit has nothing to do with the SE yield properties and that the second¬ 
aries arise from within the oxide layer. Braining believes that the free 
metallic particles merely serve to improve the layer conductivity while 
Timofeev thinks they are electron sources and the emission is aided by a 
positive space charge. Experiments, which may show conclusively 
which point of view is more nearly correct, have not yet been performed. 

3.3 Yield from Other Oxidized Targets 

Certain alloys have been shown to give a very high SE yield following 
oxidation which is frequently hastened by subjecting the target to a high 
frequency discharge in an oxygen atmosphere. Zworykin, Ruedy, and 
Pike^’^® have obtained yields as high as 5 = 10 with a silver magnesium 
alloy so treated. Such yields were somewhat unstable with time. 
Plowever, a yield of 5 = 7 could be obtained which remained very stable 
after 200 hours aging. Yields of 6 = 16 have been obtained with this 
alloy by Friedheim and Weiss. Malter^°° has made velocity distribu¬ 
tion measurements on magnesium-silver alloy and reported values for 
the most probable velocity Ysma* ranging from 5.5 volts for Vj> ~ 100 
volts to 4.0 volts for Vp — 200 volts. Such a dependence on primary 
voltage is most unusual. He employed a simplified magnetic analyzer 
and it is possible that the observed variation of Fa max might be caused 
by the method of measurement. 

Gille’-^® and Mathes^'”^ reported high yields for alloys of beryllium 
with nickel, cobalt, iron, copper, tungsten, and molybdenum, with the 
best results for beryllium-nickel. If the oxidation process is continued 
too long, instability and Malter effect result. Randenbusch^°® has 
observed that poisoning of such surfaces occurs if an oxide cathode is 
activated in the presence of the target. However, this poisoning can be 
removed by subsequent heat treatment. 

Timofeev and Aranovich^'^® describe surfaces of oxidized magnesium 
and oxidized barium. Optimum yields were obtained for layers about 
forty molecules in thickness. Such targets can stand much higher heat 
treatments than the photocathode type. With dm 3 at room tem¬ 
perature, it increases to 5m 7 at 800°C. If heated much above this, 
it drops to 5m .and remains there henceforth. These targets were 
prepared by evaporating the magnesium or barium onto the base metal 
in vacuum followed by subsequent oxidation. Aranovich^®® has also 
described surfaces of microdispersed MgO on nickel prepared by evaporat¬ 
ing magnesium through an atmosphere of dry oxygen. He states that 
yields of 6m 80 could be obtained which although showing time lag 
effects, responded sufficiently quickly to follow a 40 kc modulation of 
the primary beam. Yields as high as 5^ 10,000 were obtained but 
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definitely exhibited Malter effect. Bmining and de Boer^^^ had used 
this type of surface previously and reported yields of 8^ ^ 18. Schnit- 
geri 73 believes that free magnesium is necessary in the oxide to obtain 
maximum yields. He has shown that MgO films are relatively insensi¬ 
tive to exposure to oxygen at room temperature although they are rapidly 
destroyed by water vapor. 

Nearly all these high yield surfaces with yields greater than about 10 
show a lack of saturation with collector voltage and a certain amount of 
instability which, if the oxidation is continued, may break over into 
Malter effect. The evidence suggests that the yields may be the result 
of field enhanced emission. 

3.4 Malter Effect {Thin Film Field Emission) 

In 1936 Malter^® reported some remarkable results obtained with a 
cathode of composition [AlJ-AhOa-CsgO. These were formed by 
oxidizing an aluminum plate to give a film of AI 2 O 3 about 2000 A. thick. 
He coated this with cesium, heated it, and oxidized it. With bombard¬ 
ing voltages of a few hundred volts he obtained emission currents from 
the target which were as much as one thousand times the primary cur¬ 
rent. He found that the emission current varied as a power of the 
collector voltage To and as a power of the primary current Ip, within 
certain limits of Vc and Ip. The emission current did not reach its full 
value until some time after the bombardment began. On shutting off 
the primary current, the emission current decayed rapidly at first, and 
then slowly approached the zero value asymptotically. This decay 
time could be very long,; one surface exhibited a detectable emission 24 
hours after cessation of the primary bombardment. He showed that 
the decay was greatly accelerated when the surface was irradiated by 
visible light. It was also found impossible to obtain completely repro¬ 
ducible results. At high values of Vc and Ip, scintillations were observed 
on the surface which altered the target characteristics; intense scintilla¬ 
tions caused the phenomenon to disappear. 

Malter interpreted these results as being caused by an action analo¬ 
gous to the spray discharge’' reported by Guntherschulze^®-^^ in which 
he obtained a gas discharge without a negative dark space or cathode 
fall. Malter suggested that the surface has a yield greater than unity 
and that due to the high resistivity of the oxide layer, a positive charge is 
built up, upon bombardment, which eventually sets up sufficiently 
intense gradients to cause field emission from the aluminum and alumi¬ 
num oxide. In addition, the oxide becomes polarized and both the 
polarization and the surface charge persist after the removal of the 
primary beam until neutralized by leakage and by a portion of the field 
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emission. The relation between emission current and collector voltage 
is shown to be of a form similar to the current voltage characteristics for 
Thyrite. Gtintherschulze has ascribed the nonohmic characteristics of 
Thyrite to field emission across oxide films which separate the particles 
of carborundum of which it is composed. The scintillations were 
presumably caused by actual breakdown at weak spots in the film. 
Malter also obtained scintillations from SiO, MgO and willemite and 
concluded that these should show thin film field emission. He obtained 
negative results with Ta 205 , CaO, Ag 20 , CuO, Ni 02 , ^” 02 , and ZrO and 
concluded that, in the heat treatment, they were reduced by the cesium 
which greatly reduced their resistivity. 

This phenomenon has subsequently attracted many investigators, 
partly because of its intrinsic interest and partly because it suggests a 
method of obtaining high yield surfaces of commercial value if it could 
be stabilized. Most of this work has confirmed Malter’s observations 
and his interpretations, but has not yielded significantly improved sur¬ 
faces from the point of view of stabilization and reproducibility. 

Koller and Johnson,^® and also Mahl,’’"’^”'* have studied the effect by 
using the emitted electrons to form an electron-optical picture on a 
fluorescent screen. They showed that the surface does not emit uni¬ 
formly but that the electrons come from distinct spots like pin points. 
New spots could be formed by making the emitted electrons return to 
the target by application of a magnetic field. They interpreted the 
scintillations as due to sudden bursts or eruptions of electrons which 
would tend to discharge the surface near the emission spot. Thus the 
surface potential changed continually and under the proper conditions 
it varied cyclicly. They showed that the Malter” electrons are 
emitted with a wide range of velocities, and that some had an energy 
corresponding to the potential across the layer of 10-40 volts as measured 
by Mahl. Mahl interprets this to mean that there is field emission from 
the aluminum but that some electrons suffer energy losses in traversing 
the oxide. He could obtain the effect for bombarding voltages between 
15 and 1000 volts. By momentarily cutting off the collector voltage 
and observing the partial neutralization of the surface charge, he obtained 
a value for the capacity between the surface and the aluminum base which 
agreed with the value calculated on the basis of the layer thickness. 

Piore^^ has obtained Malter effect from surfaces prepared by evaporat¬ 
ing barium borate or quartz on a metal plate and heat treating with 
cesium and oxygen. He obtained the same dependence of emission cur¬ 
rent on bombarding current and collector voltage as did Malter, although 
the particular constants involved changed from surface to surface. 
Bojinesco^“ used just AI 2 O 3 on aluminum and obtained Malter effect 
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with electron bombardment and also with bombardment by negative 
ions H“, N~, 0“, and Oa”. 

Using cathodes of the type described by Malter, Muhlenpfordt^®^ has 
shown that on letting in argon or helium, at pressures of 10~® mm. 
mercury or more, the thin film field emission discharge changed to a spray 
discharge just as described by Giintherschulze. He obtained two types 
of discharge: a low current discharge without cathodic scintillation and 
a high current discharge with scintillations. On pumping out the gas, 
he again obtained a Malter emission, the transition being a continuous 
one. He assumes that the surface charge is maintained by positive ions 
during the discharge and suggests that even under “high vacuum’^ 
conditions the contribution of such ions from the residual gas is not 
negligible but may play an essential role. In another experiment, 
Miihlenpfordt admitted oxygen at a pressure of 10“® mm. mercury and 
then quickly pumped it out while the Malter current was decaying 
following cessation of primary bombardment. When the oxygen was 
admitted, the current dropped abruptly by three orders of magnitude and 
did not recover when the oxygen was pumped out. He had also observed 
that a freshly prepared surface must be activated by electron bombard¬ 
ment for some time before Malter effect occurred. On the basis of these 
observations, he suggested that a metallic cesium layer is essential to the 
process. However, when it is first evaporated onto the AI2O3, it comes 
into contact with the aluminum base through small holes in the oxide 
layer, thus effectively shorting it out. The subsequent oxidation of the 
cesium is designed to break up these short circuits and, finally, free 
cesium is produced only at the surface by the electron bombardment. 

Zernov^^®’^^^ believes that the role of the CS 2 O is to fill up the holes 
and irregularities in the AI2O3 layer rather than to provide free cesium 
eventually on the surface. He had also produced Malter effect with 
MgO films without the use of additional CS 2 O. He obtained a rapid 
decrease in emitted current, following cessation of bombardment, and 
then a stabilization of the current presumably due to the effect of residual 
gas. This latter effect was obtained with surfaces of [Al]-Al 203 -Cs 20 
and MgO. 

A point that has been brought out only by Miihlenpfordt is that all 
these characteristics are strongly dependent on the target temperature. 
The emission drops sharply with increasing temperature and simul¬ 
taneously the decay rate of the decaying Malter current increases. This 
is explained by the positive temperature coefficient of conductivity of the 
AI 2 O 3 . At higher temperatures the increased leakage current prevents 
the surface from charging up as much and causes it to decay more rapidly 
after the excitation is cut off. 
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Paetow^^^ has conducted some experiments which may have con¬ 
siderable bearing on this subject. He sprinkled an insulating powder 
with grain size less than 1 micron on a metallic cathode and wuth a gas 
pressure between 10“® and 10“'^ mm. mercury started a gas discharge 
with a few thousand volts on the anode. He reported that almost any 
gas would do and that many types of powder could be used, e.g., quartz, 
glass, MgO, AI2O3. On initiation of the gas discharge, the powder flew 
around explosively but left an active layer of fine powder on the cathode 
which stuck tightly to the metal. He then obtained two forms of the 
discharge: a steady low voltage form and an unsteady high voltage dis¬ 
charge accompanied by cathodic scintillation, i.e., spray discharge, and 
he likens these to the two forms of Malter current. The low voltage 
discharge could be maintained at pressures of less than 10“^ mm. mercury 
and between and 10“^ mm. mercury the current is essentially 

independent of applied voltage. The maximum current density so 
obtained was 100 ma/cm.^; above this it changed over to the high voltage 
form. Owing to sputtering the target life was a few weeks. The low 
voltage discharge exhibited time lags in its I/V characteristic although 
much less than in Malter effect. Paetow suggests that field omission 
may take place around the edges of the grains rather than through the 
grains themselves. Investigations of this type may lead to a more 
complete understanding of the mechanism involved in the Malter effect. 
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I. Inteoduction 

The yisual process in its most refined state is a simple eounting 
process. For a given exposure time, scene brightness, and optical sys¬ 
tem, a finite number of light quanta -will be radiated from the scene and 
absorbed by the particular device that looks at the scene. The device 
counts these quanta and from their number and distribution determines 
hovr many discrete bits of information it can furnish. The arithmetic 
used to convert numbers of quanta into numbers of bits of information 
Fill be outlined in a later section. For the present an attempt will be 
made to contrast the almost endless variety and complexity of picture 
pickup devices with the simplicity and universality of the performance 
scale according to which any of these devices may be judged. Through¬ 
out this paper emphasis is placed on performance limited by the finite 
number of available light quanta. This is patently a fundamental 
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limitation. Performance limited by electron optical or structural defects 
will receive only passing mention. The technical problems involved in 
removing these defects may indeed be the most important and the most 
difficult for the success of a particular device. They are, nevertheless, 
removable defects and not fundamental limitations. 

II. Major Types op Pickup Devices 

To name television pickup tubes, photographic film, and the human 
eye is to name examples of the three major types of visual processes; 
electrical, chemical, and biological. The detailed mechanics of the 
operation of a television pickup tube has little in common with that of 
photographic film and even less, perhaps, in common with that of the 
human eye. This, in spite of literary references to television pickup 
tubes as “electric eyes” and in spite of pictorial explanations of the 
human eye confined to the parallelism of parts—lens, black box, and film— 
of an ordinary camera. What is common to all of these devices, espe¬ 
cially if they are well designed, is some means for counting incoming 
light quanta. The particular means for, or mechanics of, counting may 
be as varied as the imagination of man and nature combined. Tele¬ 
vision tubes generally convert light quanta into photoelectrons and count 
the number of electrons by measuring a current or a voltage. Photo¬ 
graphic film, by an intermediate chemical process, converts each quan¬ 
tum (or at most a small number of quanta) into an opaque granule of 
silver and observes the density of the silver deposit as a measure of the 
number of granules. The human eye, also, by an obscure intermediate 
process, converts a small number of incoming quanta into a single nerve 
pulse. The brain estimates the number of original quanta by the fre¬ 
quency of arrival of these nerve pulses and (a speculative thought) by 
the regularity of their arrival. 

A television pickup tube differs again from the photographic process 
and from human vision by virtue of having to arrange its information 
(or picture) in a form convenient for transmission to a remote point. 
The “arranging” is done by a scanning process in which all of the bits 
of information in any one picture are strung end-to-end and passed single 
file through the television transmitter. At the television receiver, a 
converse arrangement, also a scanning process, accepts the bits of infor¬ 
mation and distributes them one at a time into their proper places to 
re-form the picture. Each picture is composed of a few hundred thou¬ 
sand bits of information or picture elements. And 30 pictures are trans¬ 
mitted/second. Because the persistence of vision of the eye is a few 
tenths of a second, neither the point-wise assembly of any one picture 
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nor the discrete succession of pictures is resolved. Rather, the eye sees 
a smooth flow of events as in the original scene. 

The scanning process dictates its own special problems and in some 
ways complicates the design of television pickup tubes. The scanning 
process does not, however, affect the performance attainable by these 
tubes as compared with the performance attainable by devices that do 
not use scanning. 

III. Numb EE and Vaeiety of Television Pickup Tubes 

Human vision, the photographic process and television not only 
compose the three broad approaches to the problem of seeing but also 
point up the variety of solutions to this problem. An even greater 
variety, numerically at least, is found within the television approach 
itself. Here, the patent literature offers literally hundreds of examples 
of ingenuity of design applied to television pickup tubes. Many more 
examples can be added to these by purely engineering combinations of 
the already patented devices. 

With no intent of making the formula exhaustive, a large number of 
pickup tubes may be generated in the following fashion. Trace the steps 
in the formation of a picture. To each step assign a number equal to the 
number of ways that step may be performed. Take the product of all 
of the step numbers. The product, so formed, is an upper limit to the 
number of different pickup tubes that may be designed. Because not 
all of the ways of performing each step are known, this operation is more 
likely to yield a lower limit than an upper limit. The operation will be 
carried out for its suggestive value at this point. The coverage will be 
sufficient only for the purpose of illustration. 

The steps in the formation of a picture are these. Incoming light 
quanta are converted into something that can be stored and counted. 
An element, usually called a target or mosaic, is provided capable of 
storing the photoproducts for a thirtieth of a second. The target is 
scanned by some means that can “count’' the photoproducts at each 
point on the target. The scanning process may return the target to its 
previous unexposed state or not. If it does not, a separate erasing 
mechanism is needed so that cyclic operation is possible. The “count” 
made by the scanning means is passed on to an amplifier and through 
other circuits to the television transmitter- The amplifier has a back¬ 
ground “count” or noise of its own which tends to obscure the “count” 
that is fed into it. For this reason it is highly desirable to have some 
noiseless amplifier within the pickup tube that can magnify its “count” 
to a conveniently high level before it is fed into the external amplifier. 
Five steps have just been enumerated: Conversion, storage, scanning or 
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counting, erasure, and noiseless amplification. Illustrative examples of 
ways of performing each step will be cited. 

Light quanta may be converted into photoelectrons, excited electrons, 
ions, excited atoms, or dissociated molecules. The photoelectrons in 
turn may be accelerated and focused on to a target to excite other elec¬ 
trons or to dissociate or ionize molecules. The target used for storage 
may be one sided or two sided, insulating or semiconducting, continuous 
or apertured. The target may be scanned by a beam of electrons or a 
beam of light. The electron scanning beam may be of the low, medium 
or high velocity types, each velocity range being qualitatively distinct. 
The scanning beam may simply strip off the charge pattern deposited 
on the target by the picture, or it may charge the target to some arbitrary 
uniform potential. The scanning beam may not even strike the target, 
in which case only the paths of the electrons in the scanning beam are 
controlled by the charge pattern. If the scanning process has not 
restored the target to the unexposed state, a separate means such as a 
steady electrical leakage, a uniform electron spray, or a second scanning 
beam may serve the purpose. Finally, the scanning beam, after it has 
been influenced by the target, can be amplified, substantially without 
distortion, by an electron multiplier. (Alternatively, electron multiplica¬ 
tion could have taken place in the previous process of laying down the 
charge pattern on the target.) In those cases where the beam does not 
strike the target, but is only controlled by it, large scanning beam currents 
may be used that do not require further amplification before being fed 
into the external amplifier. Without actually assigning the previously 
mentioned step numbers, one can see that even this rapid and incomplete 
enumeration will lead to hundreds of different pickup tubes. 

If the above recital of ways of making pickup tubes has been more 
confusing than informative, it was not without plan. The present paper 
in no way aims at being a manual for designing pickup tubes nor does it 
attempt a critical survey of the various proposals that have been made 
or could be made for these tubes. Such a paper would indeed have an 
extraordinarily small ^'public.” The recital was introduced to underline 
the highly un-unique character of any one pickup tube—and there are 
scores of them. It was introduced as a self-evident argument for singling 
out only a few pickup tubes for close attention and these for the one 
purpose of tracing the successive realized approximations to ideal pickup 
tube performance. The chronological order turns out to have also a 
certain logical sequence. 

IV. Comparison OF Actual and Possible Pickup Tubes 

In the opening sentence of this paper the visual process was described 
as a simple counting process. Conceptually it is easy to demonstrate 
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both that the maximum, or ideal, performance is achieved insofar as each 
incoming quantum can be counted, and that such a count bears a simple 
relation to the intelligence that can be transmitted. Conceptually, also, 
one can design a simple pickup tube to satisfy this definition of ideal 
performance. It is perhaps something of a disappointment to find that 
the pickup tubes that have come into use are generally not simple. 
Either their construction is elaborate or their detailed operation difficult 
to analyze. What is more, they have still not exhausted the possibilities 
of ideal performance. This situation is not unusual in the early stages 
of an art, and television has yet to be matured in the atmosphere of a 
successfully commercialized system—that the first attempts are not only 
imperfect but elaborately imperfect- Another circumstance that 
restricts the freedom with which promising designs for pickup tubes can 
be plucked out of a file and converted into useful instruments is the 
number of side conditions such tubes must satisfy. These conditions 
apply largely to the target. Uniformity of response, for example, is one 
of the most difficult to satisfy. It is the problem of getting a hundred 
thousand little elements to act alike. Another side condition is that 
remnants of pictures shall not be noticeable in succeeding pictures, that 
is, that the process of erasure be substantially complete. Resolution in 
excess of the circuits is an obvious but not an easily met condition. 
Freedom from spurious signals is a condition that has ruled out many 
otherwise promising experimental tubes. Finally, there are reasonable 
limits to the kinds of targets that can be fabricated, at least without 
extensive and costly research. And the paper designs for targets are 
well ahead of the art of making them. 

These considerations are meant not to justify the complexity or 
imperfection of present tubes but rather to give a measure of the difl&- 
culties of realizing the simplicity and perfection inherently possible in 
pickup tube design. The simple counting process that forms the basis 
for ideal performance will be outlined in the next two sections both 
analytically and experimentally. 

V. Ideal Performance 

The object of this section is twofold. First, a completely general 
relation will be derived for the amount of information a picture pickup 
device can furnish as a function of the brightness of scene at which it is 
directed. Ideal performance will be insured in this derivation by the 
assumption that the pickup device can count each absorbed quantum of 
light. Second, in so doing, a general and absolute scale of performance 
will be set up according to which the performance of actual pickup devices 
may be judged. Use will be made of this scale of performance in a later 
section. 
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Consider a square element of area of side length, on the photo¬ 
sensitive surface of the picture pickup device. Let this element of area 
absorb on the average N quanta in the exposure time alloted. Because 
the absorption of quanta is a random process, the average absorption 
number, N, will have associated with it deviations from the average 
whose root mean square value is N^. These deviations set a limit to the 
accuracy with which the average number N may be determined. By the 
same token they set a limit to the smallest change in JV that may be 
detected. Let this smallest change in N be denoted by AN. Thus, AN 
is of the order of . The particular constant of proportionality will 
depend from probability considerations on the certainty asked for in 
detecting AN. With the above definitions, several relations can be 
written out of hand. 


Scene brightness 

R ^ 


(1) 

Threshold contrast 

II 

II 

o 

III 

AN Tvr —i 

N 

(2) 

B 
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(3) 

BC^h^ 

— constant 


(3a) 

BC^a^ 

= constant 


(3b) 


where a is the angle subtended by at the lens. 

Eq. (36) is already the pharacteristic equation of the ideal pickup 
device. The constant term on the right will be evaluated shortly. It 
contains in straightforward fashion, the lens parameters, exposure time, 
and quantum efficiency of the device. The meaning of eq. (3b) is this. 
Let any two of the variables (B, C, a) be specified. Eq. (3b) then sets 
the threshold value for the third. For example, if the scene brightness 
and contrast are specified, eq. (3b) gives the smallest angular size that 
can be resolved. Conversely, if one knows the angular size and contrast 
of a test object, eq. (3b) determines the minimum scene brightness 
required for detecting it. It is to be noted that the resolution (a) or half 
tone discrimination (C) improve only as the square root of the scene 
brightness. It is to be noted also that the validity of eq. (3b) rests only 
on the countability of the absorbed quanta and the random character of 
the absorption process. The first was the necessary condition for ideal 
performance; the second is a well established experimental fact- Since 
no special mechanism was assumed, eq. (3b) can apply equally to the eye, 
to photographic film, and to the great variety of television pickup tubes 
already discussed insofar as each of these devices can make an accurate 
count of the absorbed quanta. 
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Eq. (3b) is the basis for a performance scale according to which the 
performance of any particular device, whether it be eye, film, or pickup 
tube, may be judged. It is a relatively straightforward operation to 
measure the smallest angle that a given device can resolve at a specified 
scene brightness and contrast. The product of these three quantities, 
as in eq. (3b) yields a number whose value locates the position of the 
given device on the performance scale. This scale is an absolute one in 
the sense that performance is limited only by the statistical fluctuations 
in the rate of absorption of light quanta, a fundamental and unavoidable 
limitation. Whatever happens subsequent to the primary process can 
only deteriorate, or at best maintain, the performance already computed 



Fig. 1.—Geometric relations used to compute number of absorbed quanta as a func¬ 
tion of number of emitted quanta. 

in terms of the primary process. Subsequent elements can not improve 
performance. 

The performance scale, based on eq. (3b), will be more significant if 
the constant term on the right is separated into its component factors. 
To do this, reference is made to Fig. 1. Consider an element of side 
length “I” in the scene. If the scene brightness is such that No quanta 
are radiated/square foot/second, the total number of quanta radiated by 
this element per second will be NqI^. Of this number, only a fraction will 
be intercepted by the lens and, for a Lambert distribution, the number 
passing through the lens per second is: 

Nol^ sin® (p 

This number of quanta will also be incident on the element of side length 
“h” which is the image of the scene element of side length “1.” The 
number of quanta actually absorbed at “A'' in the exposure time of the 
device is 


N — OtNol^ sin® <p 


(4) 
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where 6 is the quantum yield or absorption coeiB&cieiit* and t is the 
exposure time. From the relations (see Fig. 1): 


and 


sin« = ^ 
. h 


eq. (4) may be rewritten in the form 


N = lANoDHea^ X 10-10 


(5) 


where a is expressed in minutes of arc, and D is expressed in inches. 
Using the equivalence: 1 lumen of white light = 1.3 X 10^® quanta/ 
second, 

o w°-.rnA = ^ foot-lamberts 
1.3 X IQio 


and, from eq. (6) 
or 


N = 2BDHda^ X 106 
B — 5 X 10~i foot-lamberts 


( 6 ) 


From eq. (2), the threshold contrast is related to N~^ by a constant whose 
value is yet to be determined. This constant is the threshold signal-to- 
noise ratio and, as mentioned, is a function of what one calls threshold. 
That is, if one asks that each observation have a 90% chance of being 
correct, the threshold signal-to-noise ratio will be higher than if one were 
satisfied with a 50 % chance. From visual observations to be cited later, 
a reasonable value for the threshold signal-to-noise ratio appears to be 
greater than unity and probably in the neighborhood of 5. For the 
present this constant will be introduced by the letter ‘‘k.” Thus, 
inserting for N in eq. (6) we get the complete form of the charac¬ 

teristic equation. 


= 5 


DHd 


X 10-7 


/ AJ5 \ 

or, expressing C as a per cent contrast, ( (7 = X 100 j we get: 


= 5^X10- 


(7) 


* The absorption coefficient is restricted to those quanta that give rise to countable 
events, 
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An inspection of the right hand side of eq. (7) shows that the only 
parameter that differentiates the performance of one ideal pickup device 
from that of another is the quantum yield {d) of the primary photo¬ 
process. This statement will probably be clearer if eq. (7) is rewritten 
in the following form: 


5k^ 

BC^otWH 


X 10-3 


e 


( 8 ) 


The five parameters needed to specify a given set-up are in the denomina¬ 
tor of the left hand side of eq. (8). Their names and units are: scene 


brightness (B foot-lamberts), contrast of test object 



AB 

B 


X 100% 



angular size of test object (a minutes of arc), lens diameter (D inches) 
and exposure time (t seconds). When any four of these are arbitrarily 
specified, the threshold value for the fifth is given by eq. (8). Alterna¬ 
tively, if all five parameters are known, a value for the quantum yield (0) 
is thereby determined. If the operation of the device is ideal, that is, 
if all of the absorbed quanta are counted, the value for 6 determined in 
this way is actually the quantum yield of the primary photoprocess. If, 
on the other hand, the operation departs from ideal operation—and the 
ways in which such departures may occur are both manifold and frequent— 
the value for the quantum yield so determined is less than the quantum 
yield of the primary photoprocess. In this event, it may still be looked 
upon as an index to performance. To recapitulate: a given value for 6 
computed from eq. (8) may correspond to an ideal device having the 
same value of 9 for its primary photoprocess or to a nonideal device 
having a larger value of 6 for its primary photoprocess, the nonideal 
characteristic being responsible for the lower computed value of 9. 

Eq. (8) defines the absolute performance scale to be used later in 
evaluating the performance of various pickup tubes, photographic film, 
and the eye. The scale extends from 6 == 0 to 9 = 1. The value ^ = 0 
means no transmitted picture. The value 0=1 means not only ideal 
operation but absorption of all incident quanta as well. It should be 
clear at this point that a single value of 9 may be used to designate the 
performance of a device only over a limited domain of the five parameters 
B, (7, a, D and t. In fact, in the usual case, 0 is a continuous function of 
these parameters. No device, for example, can resolve arbitrarily small 
angles. Nor can any device discriminate arbitrarily small contrasts. 
Nonstatistical considerations set limits to the smallest values attainable 
by either of these parameters. Also, the range of times over which a 
device can store up information has an upper limit set by the mechanics 
of the device and not by statistical limitations. 
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It would indeed be a thorough-going paper that explored the per¬ 
formance of various pickup devices for variations of all five of the param¬ 
eters of eq. (8). Such completeness will not be attempted here. Bather, 
only one of the parameters, the scene brightness, which is of greatest 
interest, will be selected for examination. Reasonable fixed values or 
ranges of values of the other parameters will be taken. Some remarks 
.will be made in passing about the dependence of 6 on these other param¬ 
eters but with no object of making the review exhaustive. The param¬ 
eter, scene brightness, is of special interest because few devices can 

QUANTUM EFFICIENCY 1% 

STORAGE TIME Oil SECONDS 
LENS DIAMETER 0.3 INCHES 

SCCNC LUUINANCC - FOOT LAMBERTS 



Fig. 2.—Performance curves for an ideal pickup device. 

maintain a high level of performance over an appreciable range of scene 
brightnesses. The eye is, perhaps, the outstanding example. Other 
devices may match or even exceed the eye over narrow ranges of scene 
brightness but, as yet, they lack the flexibility of the eye to maintain 
performance both at very high and at very low lights. 

Before estimating the performance of various selected pickup devices, 
it will be well to try to tie the characteristic eq. (8) closer to reality, both 
by inserting specific values and by outlining an experimental arrangement 
which satisfies this equation in simple fashion. This arrangement will 
also furnish an experimental value for threshold signal-to-noise ratio, k. 

In Fig. 2, the threshold contrast has been plotted against the reciprocal 
angular size for a large range of scene brightnesses. The values for 
quantum efficiency, storage time, and lens diameter shown in this figure 
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were selected to approximate the human eye over part of its range of 
operation. The value 5 was assumed for the threshold signahto-noise 
ratio (k) in computing these curves. The dash-dot lines indicate th.e 
limits to the smallest angular size and contrast that can be detected, 
which limits are set variously by the particular mechanisms of particular 
devices and are not set by statistical fluctuation considerations. For 
this reason, the curves are dotted outside the dash-dot boundaries. 

By way of example, Fig. 2 shows that, at a scene brightness of 1 foot- 
lambert, an ideal device having a quantum yield of 0.01, a storage time 
of 0.2 seconds and a lens diameter of 0.3 inches can just detect a contrast 
of 30% for objects subtending 1 minute of arc at its lens. If smaller 
contrasts, say around 3%, are to be detected, the object must be larger 
and subtend an angle of about 10 minutes. At very low scene bright¬ 
nesses, Fig. 2 shows that only a poor quality picture may be transmitted 
(poor resolution and poor discrimination for half tones) corresponding to 
the obscured pictures that the eye sees at night. The poor quality of 
these pictures is a direct consequence of the lack of sufficient light quanta 
and cannot be avoided by any “improvements” in design other than 
improved quantum yield in the primary photoprocess. 

Lest the present discussion be dominated by a purely speculative 
tone, an actual physical system will be described in the next section which 
brings out the essential features of ideal performance. 

VI. An Experimental Realization of Ideal Performance 

An early and simple means for generating a television picture is 
embodied in the so called light-spot scanner. Fig. 3 shows the essential 
parts of this system. The scene to be transmitted is “illuminated” by a 
small sharply focused spot of light which scans the scene in the customary 
manner in a series of parallel lines. At each point in the scene some of 
the scannng spot light is reflected and is picked up by a photocell. The 
light and shade of the scene are conveyed by the variations in scattered 
light as the spot scans over its surface, and the variations in scattered light 
are in turn conveyed by variations in photocurrent in the photocell. 
A viewing tube or kinescope is connected to the photocell in such a way 
that, as the original light spot scans its scene, the kinescope beam scans 
its luminescent screen in synchronism and, by variations in beam current 
controlled by the output of the photocell, reproduces the original scene. 
The light-spot scanner is restricted to those scenes that may be conven¬ 
iently illuminated by a scanning spot of light. Recent developments in 
phosphors and photomultipliers have revived interest in the light-spot 
scanner for those applications (Sziklai, Ballard, and Schroeder^). Its 
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operation is simple and it provides a picture free from most of the spurious 
signals frequently encountered in storage type pickup tubes. 

The particular virtue of the light-spot scanner for the present dis¬ 
cussion is that it offers a ready means for demonstrating the properties 
of ideal performance. For example, the gain of the electron multiplier 
in the photocell is sufficiently high that each quantum that is absorbed 
at its photocathode (and liberates a photoelectron) can be made visible 
on the kinescope as a discrete speck of light. Thus, at extremely low 
scene brightnesses, one can actually and easily count the number of 
“quanta” in the reproduced picture. 

The special test pattern which served as subject for the light spot 
scanner and which measured its performance is shown in Fig. 4. This 


SCENE 



pattern is a materialization of the plot in Fig. 2. The discs along any 
row have the same contrast but vary in diameter step-wise by a factor of 
2 for each step. The discs in any column have the same diameter but 
vary in contrast also step-wise by a factor of 2 for each step. At moder¬ 
ate or low illumination not all of the discs in this pattern can be seen or 
transmitted by a pickup device. The demarcation between those discs 
that can be seen and those that cannot should be a 45° diagonal if the 
pictuie is limited only by noise whose distribution in frequency is uniform 
(e.g., shot noise in a temperature limited beam of electrons). As the 
illumination of the test pattern is varied the line of demarcation should 

move from one diagonal of discs to the next for a factor of 4 chano-e in 
illumination. 

The series of photographs in Fig. 5, is a series of timed exposures of 
the kinescope taken as the light-spot scanner scanned the test pattern at 
the usual television rate of 30 pictures/second. For technical con¬ 
venience the exposure time of the camera was varied rather than the 
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0.2 seconds. This test Avas made actually more quantitative by placing 
a mask over the kinescope and counting the average number of specks 
visible in a small area. The particular photograph was then selected 
that had the same average number of specks in the same area. The 
exposure time of the eye determined in this manner is in satisfactory 
agreement with well known and more thorough determinations already 
published. 



Fig. 5.—Pictures transmitted by the light-spot scanner in Fig. 3 of the test pattora 
in Pig. 4. The pictures were photographed from the kinescope using <;amora oxpoHuro 
times starting from Pig. 5A, of -fg, 1,1, 4, 16, and 64 seconds respectively. The. ultra¬ 
violet component of the seamier light was used in order to get a, short lunuiUAHeent 
decay time. The circled areas are blemishes that were not apparent under visible 
light and have no connection with the test. 

Concerning the threshold signal-to-noise ratio, “reasonable” assiirnp- 
tions, for lack of experimental evidence, have been made (Rose, ^ X)e Vries®) 
that its value is unity. A recent direct determination (Schaclc^), how¬ 
ever, sets the value of fc in the range of 3-6, depending on the viewing 
conditions. The present paper has used the value 5. Whatever uneer- 
tainty there may be in estimating a value for the thresliold signal-!,o- 
noise ratio from the photographs in Fig. 5, that value is definitely great er 
an unity and is in the range of 3-6. This is surprisingly high si nee 
mathematical analysis suggests a value close to unity. One way of 
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reconciling the discrepancy is to assume that the eye in looking at the 
pictures in Fig. 5 does not make full use of the information presented. 
That is, the eye (and brain) may count only a fraction of the ‘‘quanta” 
present. If one used a machine to do the counting and arranged to ring 
a bell whenever the count warranted, one might approach a threshold 
ratio of unity. Since, however, one usually chooses to do his own count¬ 
ing by the normal visual process, the experimentally determined value of 
5 for threshold signal-to-noise ratio is significant. 

The operation for computing a threshold signal-to-noise ratio from 
Fig. 5 is as follows. Select the smallest black (not grey) disc that is 
visible in any one of the photographs in which the specks are countable. 
Transpose the outline of the black disc to the surrounding uniform white 
area. Count the average number of specks in the outlined area. This 
average number is the signal; the square root of the average number is 
the root mean square noise. The threshold signal-to-noise ratio is then 
also the square root of the average number. A similar operation can be 
carried out to get the same threshold signal-to-noise ratio using the out¬ 
line of a threshold grey dot. In this instance the signal is the average 
number multiplied by the contrast (not per cent contrast) and the noise 
is the square root of the average number. The results of these operations, 
as already mentioned, lead to a value of k in the neighborhood of 5. 

The light-spot scanner was used also to make a direct comparison 
estimate of the performance of the eye. Even though the light-spot 
scanner is a nonstorage pickup device and has the characteristic insen¬ 
sitivity of such a device, it turns out that the average illumination on the 
scene as provided by the scanner is as low as it would be for an ideal stor¬ 
age type pickup tube operating with uniform continuous illumination. 
The reason is that the scanner illuminates the scene only when and where 
that illumination can be used. There is no waste illumination. Hence, 
if one measures the average scene brightness for a scene illuminated by a 
light-spot scanner and observes the signal-to-noise ratio of the trans¬ 
mitted picture, these quantities correspond exactly to the performance 
of an ideal pickup device having the same quantum efficiency as the 
photosurface of the photomultiplier. To complete the parallel, the 
diameter of the photocathode of the multiplier replaces the diameter of 
the lens in eq. (8). The exposure time of the system is the exposure 
time of the observer (human or instrumental) that looks at the final 
picture on the kinescope. The direct comparison between photomulti¬ 
plier and eye was further facilitated by the fact that the useful area of the 
multiplier photocathode is about equal to the diameter of the dark- 
adapted eye and that the spectral distribution of the scanner light over¬ 
lapped about equally the response curves for eye and multiplier. The 
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test was carried out by having the photomultiplier and human eye both 
look at the original scene at the same viewing distance. The human 
observer then looked at the kinescope to compare what the photomulti¬ 
plier saw with what the human eye could see directly on the original 
scene. Using the test pattern of Fig. 4 it was interesting to find the eye 
and photomultiplier performance very closely the same in the test range 
of 10~^ to 10""^ foot-lamberts. Since the picture transmitted by the 
photomultiplier was obviously limited by fluctuation noise in its primary 
photoprocess and since the quantum efficiency of the photomultiplier 
surface was about 2%, the quantum efficiency of the eye must also have 
been 2% if it were limited by fluctuation noise in its primary photoprocess 
or greater than 2% if some less fundamental limitation were present. 

VII. Performance of Selected Pickup Devices 

The object in the following sections will be to trace the performance 
of various representative pickup devices as a function of scene brightness, 
using the absolute scale of performance already discussed. Because the 
range of scene brightnesses to be considered is over ten orders of magni¬ 
tude and the range of performance values (6) over seven orders of mag¬ 
nitude, the precision attainable in a single composite plot will not be 
large. What is aimed at in this survey and the corresponding plot is a 
picture of the areas of performance not yet covered by any device as well 
as the areas already covered by the eye but not yet by any man-made 
devices. In brief, it is a picture of performance possibilities yet to be 
realized. 

1. Human Eye 

To locate the performance of the eye, the six parameters on the left 
hand side of eq. (8) need to be known. There are data in the literature 
(Cobb and Moss®; Connor and Ganoung®; BlackwelF) relating scene 
brightness (B), threshold contrast (C) and angular size (a) for the eye. 
These data cover the following ranges: B, 10"-«-I0“ foot-lamberts, C, 
1-100% contrast, and a, 1-100 minutes of arc. In addition, less com¬ 
plete observations have been made above 10“ foot-lamberts and below 
10“® foot-lamberts. For example, above 10^ foot-lamberts pain sets in 
and below 10“’' foot-lamberts vision ceases completely. There are also 
data for the pupil diameter (D) as a function of scene brightness (Reeves^). 
If the storage time (0 of the eye is taken to be 0.2 seconds, and independ¬ 
ent of scene brightness, and if, for the threshold signal-to-noise {k), the 
previously discussed experimental value of 5 is taken, the roster of 
information necessary to compute performance (0) is complete. One 
further qualification needs to be made. It is found from Blackweirs 
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data that at any fixed value of scene brightness, the threshold contrast 
is only approximately proportional to the reciprocal angular size as 
demanded by eq. (8). One can, however, for the purpose of this plot, 
select the best performance at each value of scene brightness (see also 
Rose''*). This procedure was used to compute the curve of B vs. B for 
the eye in Fig. 6. 

The most striking feature of this curve is the exceedingly large range 
of scene brightnesses, namely 10~® to 10^ foot-lamberts, over which the 



Fig. 6.—Perfqrmaiice curves for selected pickup devices. 


eye maintains a high level of performance. It is striking because no 
single man-made device has succeeded in covering this range. Even 
more, the ensemble of man-made devices falls far short of covering it. 
The experience of those who have tried to build the same flexibility and 
excellence of performance into electronic devices can only suggest the 
artfulness of the mechanisms that in some way have been engineered into 
or have selectively survived in the eye. Two of these mechanisms in 
particular deserve mention. 

There is good evidence that the eye requires more than a single 
absorbed quantum to generate a visual sensation. If, now, the rods and 
cones had no interconnections but acted completely independently in 
their reception and transmission of information to the brain, the eye 
would rapidly fail to ‘‘see” when the concentration of absorbed quanta 
fell below the concentration of rods and cones. This, in fact, is just the 
reason that photographic film cuts off sharply towards low scene bright- 
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nesses. The eye, then, must have a mechanism that can pool the in¬ 
formation from the separate rods and cones when such pooling is 
advantageous for seeing and can separate the operation of these rods and 
cones when, as at high lights, there is an abundance light Quanta. In 
brief, the mechanism must automatically control the interconnections of 
the retinal elements to get the maximum information out of the incoming 
stream of quanta. 

The second interesting mechanism has to do with the existence of a 
variable-gain element located between the retina and the nerve fibers that 
carry pulses to the brain. A gain element of some sort is needed in order 
to raise the energy level of the few quanta required for a threshold sensa¬ 
tion up to the much higher energy level of the subsequent nerve pulse. 

If the gain of the element were constant, however, the nerve fibers would 
be called upon to pass visual sensations varying (according to Fig. 6) by 
about eight orders of magnitude. While such a design is not inconceiv¬ 
able, it is not especially elegant. By way of example, if one wants 
a device capable of recording the variation of a quantity in ten thousand 
discrete steps, it is simpler to compose the device of two elements each 
capable of one hundred different values, such that their product yields 
the ten thousand discrete steps than to try to design the ten thousand 
steps into a single element. W^hatever the validity of this argument, 
there is good reason to believe from observations on dark adaptation, 
that the gain of the above mentioned element varies automatically with 
scene brightness (Rose^). The delay in ‘ ^ resetting ’ ’ during the transition 
from high lights to low lights would correspond to the time taken for dark 
adaptation. Also, fluctuations (noise) in the primary photoprocess 
(absorption of light quanta at the retina) should be visible if the computed 
value of e (eq. 8) is equal to the value of d observed or computed directly 
for the retina. Hecht,io for example, by a statistical analysis of visual 
observations near threshold, arrives at a value of 9 of about 0.1. Ilecht s 
value for blue light should be divided by a factor of 3 for comparison 
with the white light observations of Fig. 6. The agreement is close 
enough to suggest that the variable gain is automatically set to make 
fluctuations iust visible. From necessarily subjective observations 
the writer confirms this conclusion at least at low lights around lO""^ 
foot-lamberts. 

This discussion leaves out the mechanisms, probably still more 
ingenious, that are responsible for color vision. 

Photographic Film 

The millions of years spent in evolving the human eye have yielded a 
device with a high level of performance over an enormous range of light 
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intensities. The one hundred or more years spent in the development of 
photographic film have resulted in the same level of performance but 
confined to a very narrow range of light intensities. With adequate 
light, pictures produced photographically are remarkable for their uni¬ 
formity, resolution, rendition of tonal values, and freedom from distor¬ 
tions and spurious effects. As the scene brightness is reduced, however, 
a relatively sharp threshold is reached below which no photograph, not 
even a poor one, is obtained. This abrupt departure from ideal per¬ 
formance results mainly from the fact that more than one absorbed 
quantum is needed to make a photographic grain developable. When the 
density of absorbed quanta falls below the density of grains, the proba¬ 
bility that more than one quantum will be absorbed by a grain rapidly 
approaches zero. If film could pool its grains, as the eye does its retinal 
elements, it also could continue to record pictures and maintain its 
performance level at low lights. 

A given film departs from ideal performance, but more slowly, also 
towards high lights. This departure becomes clear if one first exposes a 
film so that about half its grains are rendered developable, that is, to a 
latent density of about 0.3. Now, if the film is exposed further, at least 
half of the new exposure is wasted on grains that have already been made 
developable. As the exposure continues, the waste increases and so does 
the departure from ideal performance. The finite number of grains, and 
correspondingly finite signal-to-noise ratio, further restricts the approach 
to ideal performance at high lights. 

The relatively sharp threshold towards low lights and the progressive 
inefficiency of exposure at high lights leads to an optimum of performance 
for a given film in the neighborhood of a density of 0.3. This optimum 
can be shifted along the scene brightness scale (Fig. 6) by choice of films 
with different grain sizes. A given film, however, for fixed values of lens 
speed and exposure time, has a rather narrow working range. 

To locate the curve for Super XX film shown in Fig. 6, data from 
Jones and Higginsgiving the measured signal-to-noise ratios as a 
function of area on the film and film density were used. Also, a lens 
diameter of 0.3 inches and an exposure time of 0.2 seconds were selected 
in order that the depth of focus and speed of operation be comparable 
with the same properties of the eye. A different choice of lens diameter 
or exposure time would not change either the shape of the curve or its 
vertical position on the performance scale. It would merely shift the 
curve rigidly along the brightness axis. Because the location of the 
point of departure from ideal performance at the low light end depends 
upon the relative density of light quanta and grains at the film, it is 
necessary also to specify the focal length of the lens. This insures a one 
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to one correspondence between scene brightness and illumination at the 
film. The focal length is chosen to give a commonly used angle of view of 
25°. Thus, for 35-mm. film, the vertical height of whose picture is about 
16 mm., the focal length would be 1.5 inches. Another choice of focal 
length would, like variations in lens diameter or exposure time, only shift 
the curve rigidly along the brightness axis. 

Television Pickup Tubes 

The following tubes have been selected from amongst a great variety 
of possible tubes, first because they have all been realized and put into 
service, and second because historically and logically they represent 
successive steps towards attaining ideal performance. A more detailed 
discussion of the mechanics of their operation can be found in the cited 
references, or in Zworykin and Morton, or in a recent summary by 
Zworykin and Ramberg.^® 

To compute the pickup tube curves, a lens diameter of 0.3 inches and 
an exposure time of 0.2 seconds were uniformly chosen for ready compari¬ 
son with the eye. Also, the focal length of the lens was selected to give 
an angle of view of 25°. 

It is interesting to note that the choice of 0.2 seconds for the exposure 
time is not inconsistent with the usual television frame time of 0.03 
seconds. This longer exposure time is set by the final observer at the 
kinescope. The human eye, for example, integrates about six successive 
television frames in its storage time of 0.2 seconds. The same holds for 
the viewing of motion picture film. The result is an improved signal-to- 
noise ratio over what one would have gotten if he actually observed 
separate frames. 

It is well to point out also that for pickup tubes the focal length of 
the lens may in general be varied with no effect on the shape or position 
of their performance curves, providing the linear size of target is varied 
in the same proportion. This differs from film for which the intensity of 
illumination rather than the total illumination on the target is critical. 

a. Image Dissector. The image dissector (Fig. 7) (Farnsworth, 
Larson and Gardner^®) rapidly attained the theoretical limit of perform¬ 
ance for nonstorage type pickup tubes. Since, however, the lack of 
storage already puts this limit about five orders of magnitude (number of 
separate picture elements) below that for storage type tubes, the image 
dissector is confined to applications where sensitivity is not important- 
The transmission of motion picture film or slides is one such application. 

The operation of the image dissector, except for its lack of storage, is 
an excellently simple example of the counting process that is the ultimate 
basis of all picture pickup devices. The picture to be transmitted is 
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focused on a conducting photocathode. The photoelectrons are then 
focused at 1:1 magnification at the other end of the tube. Here the tube 
is closed except for a small aperture, the size of the desired picture ele¬ 
ment. The entire picture is deflected across the aperture so that the 
aperture can explore each portion of it every thirtieth of a second. The 
electrons that pass through the aperture are multiplied by an electron 
multiplier whose gain can be high enough to count individual electrons. 
At any one moment, the electrons from only one picture element pass 
through the aperture. If one counts the total number of electrons that 
pass through the aperture in the time it takes to scan a picture element, 
that number is a measure of the signal and its square root is actually the 



signal-to-noise ratio referred to a picture element. It is also the signal- 
to-noise ratio that would be measured in the conventional manner by 
observing the current and noise power with appropriate meters. 

In addition to the five orders of magnitude loss in performance due 
to lack of storage, the image dissector is down another two orders of 
magnitude (as are all the other pickup tubes) because its photocathode 
has a quantum yield of about 0.01. The resulting curve in Fig. 6 shows a 
constant level of performance over its full light range, but seven orders 
of magnitude down from the theoretical maximum. 

h. Iconoscope. The iconoscope (Fig. 8) (Zworykin, Morton, and 
Flory^®) made the important step of introducing storage into pickup 
tubes. Although the iconoscope does not make full use of storage and 
is somewhat handicapped by a characteristic nonuniform shading pattern, 
it made possible the transmission of high quality “live’' pictures. In 
fact, one of the very elements in its operation that is responsible for its 
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ineffieiency also leads to a reproduction of tonal values that has been 
difficult for other more sensitive tubes to match. This element is the 
incomplete collection of photoemission at high lights. 

The optical image to be transmitted is focused on a photosensitive 
and insulating target. A charge pattern is stored which, when scanned 
by a constant current beam of electrons, modulates the escape of the 
secondary electrons. An amplifier is connected to the signal plate on 
the backside of the target and observes the variations in escape of 
secondary electron current. Equilibrium potentials are maintained by a 



rather involved process of redistribution of some of the secondary elec¬ 
trons over the target. While the saturated photosensitivity of the target 
may be about 10 microamperes/lumen, the operating photosensitivitv 
IS much less owing to lack of saturation. The operating photosensitivity 
is only 1 or 2 microamperes/lumen at low lights and a third to a tenth of 
t at at high lights. Further, the noise associated with the picture is not 
the noise in the escaping stream of secondary electrons but the much 
larger fixed noise characteristic of the amplifier. Thus, low-level signals 
^r low counts) are obscured proportionately more than high-level signals. 

For this reason, the performance curve (Fig. 6) rises towards the high¬ 
light end. 
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To compute the performance curve for the iconoscope, its known 
signal vs. light curve was used together with the noise current value 
(2 X 10"® amperes) for a television amplifier with a pass band of 5 Me. 
A more accurate appraisal would take into account the fact that the 
noise is not uniformly distributed over the pass band but is peaked at the 
high frequencies. The effective noise current may accordingly be as 
much as a factor of 3 lower (Schade^). 

The combination of a 0.3-inch lens diameter and a focal length of 9 
inches (for 25° angle of view) leads to a lens speed of //30 and also to the 
location of the iconoscope curve at exorbitantly high values of scene 
brightness. This is legitimate for the present purpose of showing what 
scene brightness the iconoscope would need if it were to match the depth 



of focus of the eye. In practice, however, the lens diameter is opened 
up at the expense of depth of focus in order to bring the operating curve 
down to reasonable values of scene brightness. 

c. Image Iconoscope. The image iconoscope (Fig. 9) (lams, Morton, 
and Zworykin^’') differs from the iconoscope by having an electron image 
rather than an optical image focused on the target. The electron image 
originates from a conducting photocathode on which the optical image is 
focused. Sensitivity gains are realized because the conducting photo¬ 
cathode can be made more sensitive than the insulating target surface 
and because the electron image is amplified by secondary emission at the 
target. The resultant sensitivity is five to ten times that of the icono¬ 
scope. For the rest, its operation is substantially that of the iconoscope. 
Its performance curve lies in the immediate neighborhood of that for the 
orthicon, which is about to be described. Its curve is not included in 
Fig. 6. 

As mentioned earlier, the same limit of pickup tube sensitivity may 
be reached by multiplication of the electron image as by multiplication 
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of the signal cur.rent delivered by the scanning beam. It has been 
technically more convenient, however, to get large gains by the latter 
process. 

d. Orthicon. The orthicon (Fig. 10) (Hose and lams^®) avoided two 
prominent limitations of the iconoscope and at the same time introduced 
problems peculiar to its own design. The spurious shading pattern and 
the incomplete utilization of storage of the iconoscope both result from 
the complex redistribution of secondary electrons generated by the high 
velocity scanning beam. It was well recognized that a low velocity 
scanning beam would avoid these defects. Electrons from the scanning 
beam would then be deposited only where a positive picture charge 
pattern existed and in an amount equal to the positive charge. There 
would be little or no interchange of electrons between parts of the target. 



OCFUECTION PLATES OCftECTION COILS 

Fig. 10.—Orthicon. 



Also, a strong collecting field could be set up to saturate the photo 
emission from the target. 

While the virtues of a scanning beam of low velocity electrons were 
known, it was also appreciated that such a beam was dijfiicult to control* 
The beam could easily be defocused or deflected by stray charges in the 
tube and even by the picture charge on the target. Further, the beam 
had to be deflected in such a way that its angle of approach to the target 
was at least uniform, and preferably perpendicular, over all parts of the 
target- The orthicon, by its use of a uniform magnetic focusing field 
extending the full length of the tube, presented one useful solution to 
these problems. In the earlier tubes, the slow speed vertical deflection 
was accomplished by a pair of deflection coils while the high speed hori¬ 
zontal deflection made use of a pair of specially shaped plates. Improve¬ 
ments in deflection circuits made possible a later and simpler design in 
which both vertical and horizontal deflections were carried out with 
deflection coils. 

As in the iconoscope, the optical image is focused on a photosensitive 
and insulating target surface. A positive charge pahtern is thereby 
built up and stored. The scanning beam approaches the target at near 
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zero velocity. Where no positive charge is present (dark parts of the 
picture) the beam reverses direction without striking the target. Where 
positive charge is present, some of the electrons in the beam land on the 
target and in an amount just equal to the positive charge. The semi¬ 
transparent signal plate on the opposite side of the target records tlie 
fraction of the beam current that lands and passes this information on 
to a television amplifier. 

The signal out of the tube is proportional to the incident light inten¬ 
sity. The curve extends from low signals whose tlireshold character is 
determined by the noise of the television amplifier uxi to a signal value 
more or less well defined by the need for maintaining iiictnre cpiality. 
That is, at very high lights the scanning beam tends to be defoeiised and 
deflected by potential differences on the target. 

The transmitted picture is free from siiurious sliading jiatterns. This 
fact, in combination with the linearity of the signal vs. light curve, has 
recommended the tube for picking up low-light, low-contrast s(;enes. On 
the other hand, difficulty has been encountered in trying to squeeze 
scenes with a wide range of contrasts into the limited signal range of the 
tube. Another operating problem results from the fact that the cathode 
potential of the target is a metastable potential. A sudden bright flash 
of light can charge the target up to the point where it is locked by the 
scanning beam at the relatively stable level of anode potential. A finite 
and objectionable amount of time is required to return the target to 
cathode potential. 

To plot the orthicon curve in Tig. 0, a target photosensitivity of 6 
microamperes/lumen was assumed together with a focal length of 4.6 
inches for the O.S-inch diameter lens. The vertical height of the target 
is about two inches. The same television amplifier noise current was 
used as for the iconoscope to compute signal-to-noise ratios. 

Mention should be made here of experimental ortliicons that have 
been designed using electron multiplication of the return part of the 
scanning beam current. Higher sensitivities and signal-to-noise ratios 
have been obtained at some sacrifice of target stability at high lights. 

e. Image Orthicon. The image orthicon (Fig. 11) (Rose, Weimer, 
and Law^^) has incorporated many of the useful operating characteristics 
of the image dissector, iconoscope, image iconoscope, and orthicon into one 
tube. It has the freedom from amplifier noise of the dissector, the high¬ 
light stability of the iconoscope, the sensitivity increment of the image 
iconoscope, and the linearity of response and substantial avoidance of 
spurious shading at low lights of the orthicon. The area under its 
performance curve* (Fig. 6) is considerably larger than that undm'' any 

* For effective operation, at low lights the target capacitance f)f the image orthicon 
should be reduced from, its optimum value for high lights. 
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of the other pickup tubes or under Super XX film but still considerably 
smaller than the area under the eye curve. Over a small range of its 
performance curve, its 6 value from eq. (8) is closely equal to the 6 value 
for its photocathode and also to that for the eye. In other words, it 
successfully counts all absorbed quanta and achieves ideal operation. 
Towards low lights the counting process becomes obscured by propor¬ 
tionately more and more spurious counts from unused electrons in the 
scanning beam and the curve drops away from ideal performance. 
Towards high lights its signal remains constant with increasing light and 
again its performance curve departs from ideal performance. Another 
nonideal characteristic of the tube, and one that cannot be conveniently 
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shown on Fig. 6, is that only the high-light portions of a given picture are 
properly represented by this curve. The low-light portions of the picture 
fall along a line of about a 45° slope whose upper end is fixed by the curve 
in Fig. 6. This is another way of stating that the absolute noise content 
of the low-light parts of a picture is the same as that for the high lights. 
For ideal operation the absolute noise content of each part of a picture 
should be a function of the brightness of that part and in particular should 
decrease with decreasing brightness. 

A rapid trip through the tube will perhaps clarify some of the above 
points. The optical image is focused on a semitransparent conducting 
photocathode whose sensitivity, in general, can be made higher than that 
of an insulating target. The resulting photoeleetrons are focused by a 
uniform magnetic field and accelerated to about 300 volts at which 
velocity they strike the back side of a two-sided target. Here, by virtue 
of a secondary emission ratio greater than unity, an amplified positive 
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charge pattern is formed on the target. The secondary electrons are 
collected by a fine mesh screen located very close to the target. The 
potential of this collector screen also limits the potential to which the 
target can be charged by the picture. Stability at high lights is thereby 
achieved as well as the leveling off of the signal vs. light curve. The two- 
sided target is a thin sheet of glass. It is thin enough so that the scanning 
beam on the other side of the target can clearly see the picture charge and 
deposit, as in the orthicon, an equal amount of negative charge. The 
resistivity of the glass is adjusted so that these two charge patterns of 
opposite sign continuously unite and neutralize each other by conduction. 
The part of the scanning beam that is not deposited on the target returns 
to an electron multiplier located at and around the electron gun. The 
gain of the multiplier is high enough to raise the signal and noise level of 
the electron beam above the noise level of the amplifier to which the tube 
is connected. While the actual gain of the multiplier may be about five 
hundred, the useful gain (useful for sensitivity) varies from about twenty 
for high-light pictures to several hundred for low-light pictures. 

From this description it can be seen that when all the photoelectrons 
are stored on the target (as positive charges by secondary emission) and 
when most of the beam electrons also land on the target to neutralize 
the photo charge, the tube can make a fairly accurate count of the number 
of absoi’bed quanta. Under these conditions its operation and per¬ 
formance are ideal. At very low lights, however, only a small fraction 
of the beam electrons, for electron optical reasons, are useful for counting 
charges on the target. The rest contribute a background noise that 
obscures the desired count. At high lights, not all the photoelectrons 
are stored on the target. They could be if the potential of the fine 
mesh screen collector were made arbitrarily high. But to preserve pic¬ 
ture quality, this potential is kept at a reasonably small value limiting 
the amount of charge that can be stored. 

To compute the image orthicon curve in Fig. 6, a photocathode sensi¬ 
tivity of 10 microamperes/lumen was taken and a focal length of 3 inches. 
Lens diameter and exposure time, as for the other devices, were set at 0.3 
inches and 0.2 seconds respectively. 

4. Discussion of Performance Curves 

The method of plotting and the curves in Fig, 6 are not the most 
convenient for deciding what pickup device should be used for specified 
applications. Such would be the case if the performance curves for all 
of the devices were ideal and if there were no questions of ranges of 
contrast and angular size to be reproduced, spurious signals, freedom 
from distortion, stability, size, and so on. The departures from ideal 
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performance, however, and the need for satisfying many side conditions 
make the choice of a device for a given purpose a matter for careful 


compromise. 

Fig. 6 was designed to emphasize these points: 

(1) The gap between the performance of actual pickup devices and 
maximum theoretical performance. 

(2) The relatively large range and high level of performance of the eye* 

(3) The relatively narrow ranges and generally low level of perform¬ 
ance of pickup devices other than the eye. 

(4) The inadequacy of defining the sensitivity of noiiideal devices 
by a single number. Such a number has meaning only for a specified 
scene brightness or at most a small range of brightnesses. In general, 
other qualifications also need to be stated. 

(5) The simplicity of the sensitivity scale for ideal devices. A single 
number, the quantum efficiency of the primary photoprocess, suffices 
(see dotted line marked 6 = 0.1). 


The items just listed are easily assessed by inspection of Fig. 6. 
Fig. 6 does not, however, suggest the steady improvement of picture 
quality that accompanies increased scene brightness. If Fig. 6 were 
rotated through 45° so that the line for 6—1 sloped upwards, the desired 
effect would be obtained. The same would result ii B9 instead of 
alone, were used to measure performance. In Fig. 12, the curves of 
Fig. 6 are replotted using Bd for the vertical axis. On this figure, the 
various levels of performance, 6 ^ 1, 9 = 10-^, 9 = 10-2, etc. would be 
marked out by lines parallel to the line marked ^ = 1 but shifted one 
order of magnitude to the right each time. Also on this figure, and this 
^ its purpose, a horizontal line marks out a line of equal picture quality. 
By way of example, a horizontal line drawn at B9 = IQ-^ intersects all 
of the eurv^ at different scene brightnesses. Its meaning may be stated 
as foUows: The picture that the eye sees at 1 foot-Iambert could be aeon 
I i deviM with 9 = 1 at 10-^ foot lamberts; by an imaRo 
^ t icon or by Super XX at 2 foot-lamberts, by an orthieon at 200 foot- 
an iconoscope at 600 foot-lamberts and by an image dissec- 
time and devices having the same exposure 

one h f immediately that if 

m ide^ performance, would not have been the same. 

on ttTsuner XX^'en tangent to the highest point 

foot-lamberts and t + 1 ,'* the eye curve at about 3 

kmhe^S ^tZs Z l: 3 

ra me oest quality that Super XX can transmit. By 
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quality here is meant half tone discrimination or signal-to-noise ratio. 
If the eye, then, looks at motion pictures taken with 35-mm. Super XX 
and if the picture subtends an angle of 25° at the eye, the eye will not be 
critical of the shortcomings of the film, providing the motion picture 
screen brightness is 3 foot-lamberts or less. If the screen brightness is 
raised, the discrimination of the eye exceeds that of the film and the eye 
becomes conscious of the noise or graininess of the film. Since motion 
picture screen brightnesses are nearer 10 than 3 foot-lamberts, finer 



Fig. 12.-~-Performanco curves of Fig. 6 replotted witli BO aa ordinate. 


grained films requiring higher scene brightnesses than Super XX are 
used for good quality pictures. 

The same considerations hold in somewhat exaggerated form when, 
for example, the eye looks at kinescope pictures whose brightness may be 
around 50 foot-lamberts and the pictures are those transmitted by an 
image orthicon picking up a scene whose brightness may be only a few 
foot-lamberts. If the television camera were to match the depth of focus 
of the eye, the resultant kinescope pictures would be exceedingly noisy. 
The eye would in a sense be looking at its own foot-lambert-quality 
pictures with a sense of discrimination corresponding to tens of foot- 
lamberts, If the eye could accomplish this feat more directly it would 
indeed be critical of its own low light performance. Presumably, the 
brightness or gain controls in the eye are more nicely matched to the eye’s 
performance than are the arbitrarily variable knobs on a television 
receiver. 
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The conditions outlined above—namely, observer looking at a bright 
kinescope and camera looking at a dim scene—can still result in noise-free 
pictures if the camera lens is opened up at the expense of depth of focus. 
This is generally a quite acceptable compromise. The alternative solu¬ 
tion, a more sensitive camera, hangs chiefly on the development of more 
sensitive photocathodes. And all too little is known of the workings 
of present photosurfaces, let alone improved ones. 

The problems of noise visibility just discussed arise frequently and in 
varied form. They can lead to particularly complex analyses when 
many parts of a system must be considered. A method of analysis that 
has wide applicability and that avoids these complications will be out¬ 
lined in a following section. Another sensitivity problem will be dis¬ 
cussed here first. 

In a recent paper (Rose^^) the writer evaluated a figure of merit 
designed to give the relative sensitivities of photographic film and the 
human eye. The ratio was about 200:1 in favor of the eye and was based 
essentially on the facts that the scene brightness and lens area for the 
motion picture camera that records pictures are each about ten times the 
screen brightness and lens area for the observer who views them. This 
ratio (200) would appear to be inconsistent with the curves in Fig. 12 
which show film approaching closely the performance of the eye at least 
near the low-light end of the film curve. A major part of the discrepancy, 
however, appears to be removable if due account is taken of the relatively 
sharp threshold for film. For example, if an observer and a motion 
picture camera both look at a scene whose high lights lie at the point 
where the curves for eye and film in Fig. 12 are closely matched, these 
high lights will be reproduced approximately with equal quality. But 
the low lights of the scene will appear black on the film by virtue of its 
sharp cut off, while for the eye they will appear with many shades of 
grey. In fact, the eye very seldom sees true blacks in a scene. If the 
range from high lights to low lights in the scene is of the order of a 
hundred fold, the camera would need the same order of increase of scene 
brightness or exposure in order to avoid rendering black what the eye 
normally sees as grey. There are other considerations, such as the 
gamma of the final photographic print, that influence the relative amounts 
'6f light required in taking and in viewing motion pictures, but the above 
orgument would appear to offer the largest factor. 

VIII. A Criterion for Noise Visibility 

Noise in a television picture is common enough to be familiar to 
almost any one who has looked at television pictures. The counterpart 
of noise in a television picture is graininess in photographic film. But, 
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to the casual observer of motion pictures, graininess is neither frequent 
nor prominent. That is mainly because film is viewed under conditions 
more carefully controlled than they are for television pictures. Increase 
the brightness of the motion picture screen, or let the observer come 
arbitrarily close to the screen, or use the ‘'fastest^’ film material and 
motion picture graininess would be as common as television noise. 
Whether or not the usual observer is aware of graininess in the pictures 
he witnesses, is not of primary importance in this discussion. What is 
to the point is that the existence of graininess has already imposed its 
restrictions on the brightness of motion picture screens, the minimum 
approach to such screens, and the scenes that one chooses to photograph. 
Again, it would be even more difficult to find observers who agreed that 
they were annoyed by fluctuations in their own visual processes. Yet 
there is good reason to believe that such fluctuations do limit what can 
be seen. In brief, the performances of the several devices—television 
pickup tubes, photographic film, and the eye—are circumscribed by noise, 
more or less prominently displayed. When two or more of these devices 
are combined into a system, it is desirable to be able to assess the relative 
noise contributions of each. 

But, in a system involving a scene of variable brightness, a camera of 
specified performance and adjustable optical geometry, a receiving screen 
of variable size and brightness and an observer at an arbitrary viewing 
distance, the problem of locating the particular noise source that con¬ 
stitutes the bottle-neck for performance is not, in general, a simple one. 
For many problems of this type, however, a method of analysis which 
is at least conceptually simple, and usually operationally so, will be 
described. It is especially applicable to systems whose components show 
ideal performance. 

The principle of the method may be outlined by considering a multi¬ 
stage electron multiplier. The signal-to-noise ratio coming out of such a 
multiplier is very closely the signal-to-noise ratio of the electron stream 
entering the multiplier. For any normal multiplier this is true. The 
noise contribution of the separate stages, especially for high gains per stage, 
is negligible. Suppose, however, that a stage somewhere in the middle 
of the multiplier turned out to have a gain less than unity. The signal- 
to-noise ratio out of the multiplier would still not be affected providing 
that the product of the gain of this stage and the total gain of all preced¬ 
ing stages was greater than unity. If this product were less than unity, 
the output current of the low gain stage would then determine the signal- 
to-noise ratio out of the multiplier. Or, generally, if one measured the 
electron currents coming into each stage of the multiplier the lowest of 
these currents would determine the final signal-to-noise ratio. 
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Similarly-j the many transformations through which a picture element 
of the original scene goes before it emerges as a picture element in the 
brain of the final observer may be regarded as multiplierlike stages having 
various gains. The problem of finding the noise bottleneck in such a 
system becomes one of finding the smallest stream of particles or events 
representing the original picture element. An illustration of the method 
of analysis follows. 

Fig. 13 shows schematically the elements of a system from scene 
through pickup tube and receiver to the final observer. Nine points of 



Fig. 13., Chronicle of a picture element from the original scene to the brain of tha 

final viewer. 
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These circuits further amplify the signal current by the factor Oz so 
that the number of electrons in the receiving tube that represent the 
original element is about a thousand times greater than the number 
leaving the photocathode of the pickup tube. All of the gain factors are 
assumed to be constants characteristic of a linear*' system. The electrons 
in the receiving tube strike a luminescent screen and are converted into 
about 300 times as many light quanta. Gz is this factor. If the quanta 
from the luminescent screen also follow a lambert distribution, the num¬ 
ber passing through the eye lens is a small fraction, sin^ 02 , of the total 
number. Only a fraction 6% of those entering the eye are usefully 
absorbed at the retina. Oz is the quantum yield of the retina. Finally, 
some sort of gain element must amplify the effect of these absorbed 
quanta before they can generate the nerve pulses carrying information 
to the brain. 

It is seen from the plot in Fig. 13 that there are two low points, one 
at the photosurface of the pickup tube and the other at the photosurface 
of the eye. If the pickup tube point is lower than that of the eye, the 
observer sees pickup tube noise on his receiving tube screen and the 
system performance is limited by the pickup tube. For the reverse 
order, the received picture is judged noise free and the system perform¬ 
ance is limited by the eye. Technical economy would suggest a close 
match between limitation by eye and tube. 

Fig. 13 shows also how the transition from a noisy to a noise-free 
picture can be made simply by decreasing the screen brightness at the 
receiving tube or by increasing the viewing distance. For the particular 
case in which the two brightnesses, angular subtenses and quantum yields 
are made equal, the pickup tube becomes in fact a transposed eye. 

IX. Intelligence vs. Bandwidth and Signal-to-Noise Ratio 

In the introduction to this paper, the phrase “bits of information” 
was used to characterize the intelligence transmitted by a pickup device. 
This usage was not by way of popularizing otherwise technical verbiage 
but rather to emphasize the finite character of the intelligence. That is, 
only a finite number of spatially separable elements and only a finite 
number of half tone steps per element are recognizable in a picture having 

For a nonlinear system, the visibility of noise on the receiving tube screen, is 
proportional to the gamma of the system. The gamma of the system does not, how¬ 
ever, vary the signal-to-noise ratio and, therefore, the intelligence transmitted. These 
statements are not to be confused with the arrangement of low gamma transmitter 
and high gamma receiver, wliich is de.signcd to minimize the effects of noise picked up 
in transmission. The present discussion assumes that such noise may be made 
negligible. 
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a specified signal-to-noise ratio. In fact, one can easily count the total 
number of possible pictures that can be compounded out of n separate 
elements and m half tone steps per element. That number is nv^. On 
the other hand, the capacity of a system, having a bandwidth A/ and a 
signal-to-noise ratio R, for transmitting intelligence may also be measured 
by the total number of different pictures it can transmit. This number 

/ ]^\2T A f 

by the same reasoning is I ^ ) where k is the threshold signal-to-noise 

ratio and T is the time for one picture. Thus for each of the 2!rA/ 
separable elements of time assigned to a picture there are R/k distin¬ 
guishable values of signal amplitude that may be selected. Let the 
desired number of pictures be set equal to the number of different pictures 
that the system can transmit: 

The solution of this equation for A/ yields: 

, log m 

•' 2T 


(f) 


( 10 ) 


Eq. (10) says that when the signal-to-noise ratio is just large enough for 
the discrimination of the desired number of half tone steps, namely, if 
JR 

~ = m, the bandwidth has its customary value of half the number of 

picture elements per second. If, on the other hand, the signal-to-noise 
ratio is larger than it need be for half tone discrimination, the bandwidth 

log 

may be reduced by the factor * A specifically designed mecha¬ 

nism is needed, however, to effect this reduction. 

A final comment should be made concerning bandwidths in excess of 
that needed to transmit the intelligence content of a picture. An over- 
. size bandwidth does no particular harm to the picture transmitted by an 
ideal device. The noise content of such a picture is set by the picture 
itself and not by the bandwidth of the associated circuits. An exag¬ 
gerated example of this is the series of photographs in Fig. 5. Here the 
bandwidth was about 5 ‘‘megacycles” while the picture content, for some 
of the shorter exposures, needed only a few kilocycles to convey sub¬ 
stantially all of its information. Of course, wider bandwidths make it 
more difiSiCult to transmit a picture without picking up noise in the trans¬ 
mission comparable with noise in the original picture. 

* This reciprocity of bandwidth and signal-to-noise ratio (or its logarithm) was 
pointed out to the writer several years ago (1944) by Dr. G. A. Morton of RCA 
Laboratories Division. 
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Another example, effectively, of extremely wide band transmission 
is found in the photographic process. Using a microscope one can see 
the separate photographic grains whose size is of the order of a micron. 
Under normal conditions of viewing, however, the eye can see only ele¬ 
ments larger than about 25 microns. That is, the eye sets the effective 
bandwidth at less than 1 % of the capacity of the film. In fact, it is of 
no great consequence whether the eye can see the limiting resolution of 
film or not. The intelligence contained in elements near the limiting 
resolution of film is relatively small by virtue of the inherently low signal- 
to-noise ratio of these elements. For this reason it is not sensible to 
compare without qualification the number of lines of a television picture, 
for which number of lines the signal-to-noise ratio may be as high as 
needed, with the limiting resolution of film where, by definition, the 
signal-to-noise ratio approaches zero. A valid comparison must depend 
on relatively subjective tests which in turn are a critical function of pic¬ 
ture content. Such tests and analyses have been carried out by Bald- 
win^i and, more recently, in an extensive and thorough investigation by 
Schade.^ Schade has found, for example, that equal picture quality can 
be transmitted by a television system having a number of scanning lines 
equal to half the limiting resolution of a grainy film. 

Oversize bandwidths, while not penalizing the performance of an ideal 
device, do deteriorate the rendition of blacks and greys by a device, like 
the orthicon or iconoscope, for which amplifier noise is the limiting 
noise source. 

X. Concluding Remarks 

Lest the original purpose of this discussion not be recognizable in its 
elaboration, it is here restated. Because the final limitations of pickup 
devices are clearly and simply set by the quantum nature of light, because 
these limitations have not been widely discussed, and because the particu¬ 
lar devices in the new and rapidly developing field of television are of less 
interest for the mechanics of their operations than they are as markers in 
the approach to ideal performance, the emphasis throughout has been on 
the setting up of an absolute scale of performance according to which the 
many and diverse pickup devices can be oriented. This approach is 
particularly needed because the eye, photographic film, and television 
pickup tubes are being called upon more and more frequently to critically 
pass upon each other’s performance. 
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L Introduction 

The application of electron optical principles to problems of electron 
and ion beam formation has become a well-established procedure. A 
general theory of electron and ion lenses exists which may be applied to 
any kind of special field having rotational symmetry about an axis. 

Problems of beam deflection have not, however, received the same 
systematic kind of treatment. Many different methods have been used 
in dealing with the motion of charged particles through such fields which 
perform the function of electron and ion prisms. 

It is the purpose of this paper to give a unified presentation of the 
theory of prisms using electron optical methods throughout and to discuss 
a number of designs of prisms having improved properties. 

Electric and/or magnetic deflection type fields are used in cathode 
ray and television tubes and ion traps for such tubes, beam-deflection 
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amplifiers, scanning type electron microscopes, mass spectrometers, 
microanalyzers, beta-ray spectrometers, and cyclotrons, to name only 
the more important devices. In the first four instruments, the angle 
through which the beam is deflected is considerably smaller than that in 
the other four devices. 

It will be shown that beam-focusing effects are invariably associated 
with the deflection which is produced by simple fields and that these 
focusing effects increase with the angle of deflection. Such effects are 
ordinarily undesirable in small-angle deflection devices while they are 
extremely useful in instruments employing large-angle deflection. It is 
not necessary to point out further differences between the various 
instruments since they do not result in different methods of theoretical 
procedures. 

The most important electron-beam device employing small-angle 
deflection is the cathode ray tube. The terminology used in the first 
chapter of this paper is chosen to apply directly to the cathode ray tube. 
The application of the small angle deflection theory to devices like ion 
traps, linear mass spectrometers, and scanning-type electron microscopes 
will be obvious. The theory of large angle deflection, outlined in section 
III, will apply to mass spectrometers, beta-ray spectrometers, and 
microanalyzers. 

II. Smael- Angle Deflection 

The two simplest types of deflection fields are the uniform electric 
field and the uniform magnetic field.’*' Fig. 1 shows a pair of parallel 
metal plates symmetrically displaced about the axis along which an 
electron beam travels with a speed corresponding to a voltage of V 
volts. The electrodes are connected to a potential source which brings 
the upper plate to the potential (4> + volts and the lower plate to 

— ^V) volts. The electrostatic field between the plates will be nearly 
uniform over a large area if the linear dimensions of the plates are large 
compared with the distance between the plates. 

Fig. 2 shows an arrangement of pole pieces which produces a nearly 
uniform magnetic field if the linear dimensions of the pole pieces are large 
compared with the distance between them. The pole pieces are energized 
by coils of an electromagnet through which a current of J amperes passes. 
The magnitude of the displacement of the beam at the target (e.g., a 
fluorescent screen) may readily be computed. If the results are applied 

* Deflection fields as used in cathode ray and television tubes are varying periodi¬ 
cally in time. Ordinarily these fields may be considered as static since the fields do 
not change appreciably during a time interval equal to the transit time of the electrons 
passing through the field region. 
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to actual deflection fields, large discrepancies between calculated and 
measured values are observed. This is due to the fact that actual fields,, 
are nonuniform. If now the mathematical methods are improved so 
that fringe fields can he taken into account, it is found that a displace- 




Fig. 2.—Magnetic deflection systoin consisting of two parallel pole pieces energized 

by an electromagnet. 

ment is not strictly a linear function of the deflection voltage or current 
and that it depends on the initial position and direction of motion of the 
electron before entering the deflection fields. The explanation of the 
so-called pattern and spot distortions, observed in cathode ray and 


170 


R. G. E. HUTTER 


television tubes, may be based on the two mentioned properties. A 
pattern is produced by the simultaneous action of two mutually per¬ 
pendicular deflection fields varying independently in strength. If the 
deflection voltages are proportional to the parameters of the information 
which is to be made visual on the screen of the cathode ray tube, the 
image will not give a true graphical presentation if the deflection is a non¬ 
linear function of the deflection voltage. Spot distortion is most objec¬ 
tionable in television tubes, since it results in a loss of resolution in the 
outer portions of the television image. Different parts of the electron 
beam have different initial conditions and hence are deflected by differ¬ 
ent amounts. Spot distortion would exist even if the target surface were 
spherical with a radius equal to the distance from the center of the 
deflection system to the screen. 

In order to derive mathematical expressions for the defocusing and 
distortion effects, the path of an electron through the electromagnetic 
deflection field must be determined. The field distribution of deflection 
fields used in practice is, in general, too complicated to permit an integra¬ 
tion of the equation of motion in terms of elementary functions. In 
general, therefore, methods of successive approximation must be applied. 
Such a procedure was followed by Picht and Himpan,^ Wendt,^ and 
Hutter®-^ for various kinds of deflection fields. . In order to solve the 
equations of motion of an electron through electromagnetic fields by such 
methods it is necessary to develop series expressions for the field-strength 
distribution of the fields. 

1 . Field Distributions 


A vector field distribution y, z) which satisfies the conditions that 

curl S = 0, div S = 0, (1) 

may be expressed as the negative gradient of a scalar potential function 

y, ^), i-e-, 

S = ~- grad f. (2) 

This function satisfies LaPlace’s equation, 


Assuming that such a potential distribution 
yz plane, i.e., 


(3) 


is symmetrical about the 


\p(x, y, z) =\p{-Xy y, z), 


(4) 
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an infinite series for in powers of x and y would be of the form: 

0.,, oo 

y,z) ^ S 2 n,m{z) • • y^. ( 5 ) 

m,n 

Substituting i/' in eq. (3) yields a recurrence formula for the coefficients 
S 2 n,m. If use is made of such a formula and the coefficients *^27150 and 
Sin,I are renamed 

Sln,Q ~ ^ 2 n. ^ 2 n,l = P'Zn, ( 6 ) 

the following series for 4/ is obtained: 

^(x, y, z) == ^ 0 ( 2 ) - Po(25) • y + 4^i(z)x‘^ - i(}po"(z) + 24 'i{z))y^ ~ 

— Pi(z)x^y -f- ^{Pq'^(z) + 2Pi(z)')y^ -f- 4^4(z)x* — 

— 'l{4^i"{z) + 124/.^{z))x^y^ + + 24 /i"(z) — 

- 41^4(2:))?/^ - P 4 .{z) . x^y + l{Pi>"{z) H- 12 P^{z))xV - 

- ThTi(Po^^^(z) + 4:Pi"(z) + 24P^(z))y^ + . . . . ( 7 ) 

If X and y are interchanged in eq. (7), a field is obtained which is sym¬ 
metrical about the xz-plane. The potential distribution of a field result¬ 
ing from the superposition of two fields, one symmetrical about the yz- 
plane, the other symmetrical about the xs-plane, may then be written as 

Vi — V'oi +^^02 Poiy P ozX — + 2^21) — ^^22]^^ — 

— [^(^02" + 2^22) — ^ 2 i]x 2 — PiiX^y ~ Puixy^ -f- 

4- f(P 01 " 4* ^P2i}y^ + ^(Poi' 4 2Pzi)x^ 4 [^42 4 
4 4 2 ^ 21 " — 4}pii)]y* — [i(^ 2 i" 4 121 A 41 ) 4 

4 i(\f' 22 " 4 124 'ii)]x^y^ 4 4 4 21 ^ 22 " — 

- 4^42)]^' - Pnx^y - P4iixy* 4 UPn" 4 12F4i)xV‘‘ 4 

4 HPn'' 4 12P42)x«y2 _ ^ 

4 24P4i)y® — Ti’{r(Po2'*'^^ 4 4 P 22 " 4 24P4z)x^ 4 

4 ■ * ' . (8) 

where ^ 2 n,x and Pin,! are the functions determining one field while \A 2 n ,2 
and P 2 n ,2 are the functions determining the other field. 

The relations derived so far apply to all vector fields and hence may 
also be used to describe electric and magnetic fields. Electric fields are 
ordinarily produced by electrodes connected to potential sources while 
magnetic fields are created by pole pieces of magnetic material or current 
carrying conductors. The coefficients of the infinite series are uniquely 
determined by the boundary conditions, i.e., by the shape, location of the 
electrodes, or current conductors and their potentials and currents. If 
the potentials for two such fields are computed separately as if existing 
alone in free space, it is found that, in general, the true potential distribu- 
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tion of the combined system is not the sum of the potentials of the two 
separate systems. 

The electrodes and/or current conductors, producing one field, dis¬ 
tort the field produced by the second set of electrodes and/or current 
conductors. Induced charges and/or currents cause the field of one 
system to vary if the potentials and/or currents of the other one are 
changed. This effect is termed ^‘cross-talk.” Since it cannot be 
tolerated in cathode ray and television tubes, one tries to achieve in 
practice the independence of two deflection systems by separating them 
as much as possible. The potential of the combined system may there¬ 
fore be obtained by adding the potentials of the two deflection systems 
which are computed separately. 

The field strength components of a vector field described by the 
potential distribution eq. (8) are given by: 


dx 


dy 


dxp 

dz 


— Po 2 + H- 2 i/' 22 ) — 2 vJ' 2 i]x -f- 2P2ixy H- P^^y'^ — 

~ ^(Pqz" H- 2P22)x^ H- + 12\^4i + 1 A 22 " + 12\l/4i]xy^ 

[41^41 + + 2 i/' 22 ” “ 4 ^ 42 )+ 4P4lX^y + Pa^v'^ 

^(7^21 ~l“ \2P4^i)xy^ ^(P%2" H” \2P4^x^y^ -f* 

+ + 4P22" + 24 P 42 )a:^ + 

= Poi 4 - [(^01" + 2^21) - 21^22]?/ H- P 2 ia ;2 -f 2 P^^xy - 

~ iiPoi" + 2 P 2 i) 2/2 - [4^42 + -f 2 ^ 21 " - 

4^4i)]2/® [(\^ 2 i ‘ 12 ^ 41 ) -f- “H 12^42)].'r''^y H~ 

+ P iix'^ -t- 4Pi^xy^ — i(P2i” -b 12P4i)rrV^ — 

— -i-CP22” + 12Pi2)x^y H- H- 4P21” H- 

-f- 24P4 i) 2/^ — _j_ . . . ^ 

= —^ 0 / — ^ 02 ' 4- Poi'y 4- Pon'x 4- 4- 21 /^ 2 /) — 

~ ^22' y^ 4- [i(V'o2'” 4 - 2 x// 22 ') — ^2i']x^ 4- P'ii'xMj 4- 

4- P22'xy^ - UP 01 '" 4- 2P2i')t/2 - i(Po 2 "' 4- 2P22')x^ - 

— ^[^^42' 4- + 2\//2i" — 4 }}/ 4 l')]y'^ 4- [^{yp2i" 4- 

-f 12 i/'4i') 4- U^22"' 4- 12iA42')]^V^ - [^Al 4" 4" 

+ 2 ,^ 22 '” - 4^42')]^^ - 4 - • • • . 


(9) 


The deflection and deflection defects of a system described by eqs (8) 
or (9) have never been studied and any attempt to do so would result in 
formulas diAdcult to interpret. However, the following simpler types of 

deflection systems have been investigated: 
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(1) A single, balanced electrostatic deflection field produced by 
electrodes which are infinitely long in the x direction and which are 
parallel to each other. Fields of this type are called two-dimensional 
since the field quantities are functions of only two variables. A particu¬ 
lar electrode system producing such a field is sketched in Fig. 3. It 
consists of a pair of parallel plates bent on one end along lines in the. 
X direction to make equal and opposite angles with the (x, z) plane. In 
this case, i^oi = 00 = const, all other ipzn.i and 02 n .2 are equal to zero, 



Fig. 3. —Single, balanced, two-dimensional electric deflection system. The cslce- 
trode surfaces are generated by infinitely long, straight lines parallel to the x axis. 
The potential is a function of y and z only. 

Poi = E(z) all other P 2 n,i and Pan ,2 are equal to zero. The electrostatic 
potential tp is given by: 

<p{x, y, z) = 00 - E(z)y + W'iz)y^ “ TkisE<-^'^Kz)y'^ 4- • • • . (10) 

It follows from eq. (10) that 

Hj 00 = •iP(^j ^) 0O‘ (11) 

Because of this property, the field is called a balanced dcfiection field. 

(2) Two crossed, balanced electrostatic deflection fields of the type 
described under (1). It is assumed that the two functions Emiz) and 
^ 02 ( 2 ) are essentially different from zero in two regions of z which do not 
overlap. The effects of the two fields may then be computed one after 
the other. 

(3) Two crossed, balanced, overlapping elestrostatic deflection fields 
of the type described under (1). The two functions Eaiiz) and Em{z) 
may now be essentially different from zero for the same values of the 
axial coordinate z. In this case, the potential is given by: 
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'p(p'j Vy — <f>0 — i^Ol(^)y Eq2(^)x) + “f" SJo2'^(,2')x^) — 

- (z)y^ -i-E02^^^^ (z)x^) - + •••. (12) 

(4) Two crossed, unbalanced electrostatic deflection fields, each 
being produced by a pair of electrodes infinitely long in the x or 7j direc' 
tion. The electrodes of each pair are parallel to each other. The 
potential distribution may be written 

V) = <^>01 •+■ 002 — Eo^y — Eq2x — ^<i>oi"y^ — ^4>q2"x^ + 

+ \E(i^!'y^ 4 - \Eq2''x^ + + ¥¥ 002 ^^'"^:^''^ — 

— T^Eox^^^^y^ — Tk^EQ2^^'^^x^ + • * • . (13) 

For later purposes we write 

001 ( 2 ) -f* 002 ( 2 ) = 4>m 0»»10l(2) + 0m202(2). (14) 

(5) Single, balanced electrostatic deflection fields deflecting in the 
y (iirection. The field strength is assumed to vary along the a;-axis. 



Fig. 4. Single, balanced, three-dimensional electric deflection system. The poten¬ 
tial is a function of all coordinates x, y, and z. 

The only requirement for electrodes producing such a field is that the 
two surfaces are symmetrical about the {y, z)-and (x, 2 !)-planes. Fig. 4 
shows a particular form of such a system. It can be seen that the field 
strength wp vary in the x direction since the distance between the two 
electrodes is a function of a; and the potential difference betw'een. the 
electrodes is constant. The potential distribution becomes: 

<pix, y, z) = 00 - Eoy + i(Fo" + 2 E 2 )y^ - EixHj + 

+ KE2" + 12 E^x^y^ - + 24 ^ 4 ) 2 /® - 

— EiX'^y -f. —. . . . ^ 

(6)^Two crossed magnetic deflection fields. Let P 2 „,, = and 

2 n .2 2 n .2 and V' 2 n.i = — 0. Ihe field strength components 

D 6 COIX 16 • 
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Hx = — Hqz H" -h -f- 2772 iX'2/ — — \ 

— (H42 4 " 4 " 4 :H 4 iX^y -f- \ 

+ (6Hi2 + ')x'^y'^ — (4/f4i + ti")xy‘^ — j 

— II 42 ?/'* "f” " • ' J [ 

Hy ~ HQi + HuX^ 2 IIz 2 xy — ill‘21 "f~ ^'I^oi'yy^ IImx^ -f" \ ( 16 ) 

+ (4 :Haz + ^Il2i')x'^y — (6//41 + -^II‘2i")xhj^ — 4 //' 42 .r?/'' 4- ( 

4 - (7/41 4 “ i'll^i' 4- -s-VT/oi^**^*)?/'* 4 - • • ' , \ 

Hg = —Hoz'x 4- Hoi'y — Iliz'xy^ + Il^i'x^y -f- (47/22' 4- 1 

+ \HW")x^ ~ (47/2/ 4 - 4 / 7 (u" 0 ?/=* 4 - ■ — . / 

(7) A single magnetic deflection field. The pole pieces shown in 
Fig. 2 would actually produce such a field. If //o,,.! is eciiial to iiero, 
eq. (16) goes over into 

Hx = —7/02 4 - (7/22 4-47702")''^^ ~ ~ (7/42 4 - 0/722" 4- 

4 - ihH 4 - (67/42 4 - ^IIr 2 ')xhj^ — II -p . . . ^ 

Hy = 2Hz2xy — 4rHnxy^ 4- ( 47/42 -1- ^IIri*)x^y + . . . ^ 

Hz — Hq^'x — 4 ' ( 47722 ' 4 ^ '\IIxi")x^ _ 

Eqiiatiom of Motion 

The equations of motion of an electron in an electromagnetic field are 
written advantageously in the following form: 

dz \dx'/ dx 
dz \dy'J By 

where F is given by 
F{x, y, z, x', y') = <p{x, y, z) ^YZfrprZfT'yn _ 

- £ (Axx/ + Ayy' 4- A,); ( 19 ) 

Ax, Ay, Ag are the components of the magnetic vector potential which is 
related to the magnetic field strength by 

II ~ curl A, 

e and m are the charge and mass of the electron resi)ectively. Tht prirmw 
indicates derivatives with respect to 0 . This expression may he expanded 
in a power series of powers of x, y, x' and y'. The integration of wu (IH) 
is then performed using well-known methods of successive approxioiation. 
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In addition to the cases of the crossed electrostatic and crossed 
magnetic deflection fields, which have been described in the literature, 
the case of a single electric deflection field for which the potential dis¬ 
tribution is a function of all three coordinates (case 5) and the case of 
crossed unbalanced electrostatic deflection fields will be discussed. The 
latter type deflection field was treated theoretically by Cazalas® using, 
however, different methods. Solutions for the other three types of 
deflection fields (cases 1, 2, and 7) are then special cases of the expressions 
derived here. 


S. Crossed Superimposed Two-Dimensional Electric Deflection Fields 

The potential function is given by eq. (12). The Euler-Lagrange 
differential equations are given by: 


d_ 

dz 


2 ^ + E,,x)x' - gi-, 


[a:' 

- \ (.x'^ + y'^)x'] = gL + 

-f Eot,x)Eo2 + 2^ EoiiEofly^ + Eo^"x^) + 

800 ^ 4 " Eo2x) (Eoiy - 1 - Eo23c)^Eo2 — 

~ 3^4 ~ 4^ + y''')Eo2 - 

~~ 8^2 + y'^KEoiy + Eo2x)Eo2, 


dz\_^' ~ - ^2 {Eoiy + E^tx) 

— ^ = 


^y' 


Eoi 4~ ji" Eqx'v^ 


yl _ {B^^y -f- 


( 20 ) 


200 ' 400 

4- Bo2x)Eo2 4- 2^2 iEoi"y^ 4- £^02"a:3)JS7oi 4- 

^oi"2/2(^Joi2/ 4- Eo 2 x) - ^3 (Eoxy 4" Eo^xy - 
“ 3^4 (Eoiy + Eo2xyEoi - ^ (x'^ + y'^)Eoi - 

~ 800 ^ ^ 4- y'^)Eoi(Eoiy 4~ £^ 02 ^:). 

Tht 

The first step consists of the integration of the equations 

200 2 / = — ^ Eqi. 


x" = 


( 21 ) 
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The solutions of these equations will represent a good approximation to 
the actual electron path if 


l^oi 

2 <po 


y 


« 1 . 


1 Eqz 

2 <f>^ 


« 1 . 


( 22 ) 


This assumption means that the deflection is considered to be small in 
regions where the axial field-strength distribution is essentially different 
from zero. The solutions of eq. (21) are 

Xg{z) = Xi^ -f XiJ{z — Zi) -f X(z), 

— 2/tti "f" piu.'(z Zi^ -f- Y(z')f (23) 

where 


X(z) = 
Y(z) = 




Eoz(u)du, 


EQx(u)du. 


(24) 


The quantities Xiu, yiu and Xiu, yivf are the coordinates and slopes of an 
undeflected electron at the screen position z = Zi respectively. In a 
plane z =■ zq the coordinates and slopes of such an electron may be 
determined by solving the equations: 


^0 “f" Xiu (Zq “ Zi) j 

Xq ~ Xiu j 


Vq = Viu + Viuizo — z 
yo' == Pin. 




(25) 


In order to obtain a better approximation to the actual electron path, the 
functions Xff(z), ygiz) of eq. (19) are substituted in all terms of eq. (16) 
which are of higher order than the first. New solutions x{z), y(z) may 
then be determined by simple integrations. The differences a; and 
y — ya between the first order electron path and the next higher approxi¬ 
mation are called Ax and Ay. The values of these quantities at z ** Zi 
are 

0 ...« 

^ -^obcdXiu^yix^Xiu'^^'yiu*^, 


abed 


abed 


where the coefficients Bahcd are given by 


B 


oooo 


+ 2BnYY']dz + J [(2 _ - 4EoiEci"Y’‘ + 
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+ 3j;ox»yr'>) + J - z,)dz + 

3200'* j 2:x)<iz| ~f“ 2 y' + (27) 

+ ik / + 2£?o.xy']& + ~f [(^ - 

— Zi)(^QEoiJSo2X — EoiEq2"X^ — SEq2Eoi"XY^ + SEoi^YX^^ + 
+ SEoxEo2XX''^ + SEo^EoiXY'^) + QEq^EqxXYY' + 

+ SEo 2 ^X^Y']dz + J (z ~ Zi)i 2 Eo 2 Eoi^XY + 

+ Eox^Eo2X^)dz 4- J (z - Zi')(Eo2^EoiX^ + 

H~ SEoi^E(j2XY‘‘^ + ^Eo‘z^Eoi^YX'^)dz, 
Biooo 24 >q j 800^ J ^diXozEoiX'^ -{- EqzEqxY'^ -f* 

+ 2 E 02 E 0 X - EoiEo 2 "X^ - Eo 2 Eox"Y‘^) H- 2(EoxEo2YY' + 

+ En‘XY'}]dz + ~ / (« - ^<)(.So^^EoiX + Bc 2 Eoi‘Y)dz + 

15 r 

32^7 J ~ + 2B„^^Eoi^XY + BaiEoi^X^)dz, 

{ 2 ^ / - '®oi"K(2 - z,)]dz + J [(^ _ zd(2En^ - 

- 4S„i£oi"F" + Bn^Y'^) + 2E^iWYqdz + ~ f Boi‘Y(z - 

O<po^ J ^ 

~ 3^‘ J - 2 i)*} + 8^2 / [(« - 

- ZiXBn^X'^ - 2B,^o^’XY) + 2B,JS^,XY']dz + 

- 2 i)& + 3 ^ f (z - Zi)iB„z’‘Bai^X^ + 
f + 2Bti^BoiXY)dz, 

Booio = J X'Y'dz + 2 !^ y (2 - Zi)(EoiX' + Eo{Y')dz + 

sl? / ~ 2 i)’'(Si) 2 Boir''‘ + BoiBo,X'‘ - £;„,B„,"K 2 - 

- BnBo"X^ + 2 E 01 E 0 S,) +2{z - Zi)(Boi^X' + BozBoiXX' + 

+ BoiBoiYY' + Bo 2 XY')]dz + ~ / (® “ ^)KSozEoi^Y + 

+ BoiBo,^X)dz + gi|-^ / - 2 i)H-Ec, 2 *iroiX 2 + 

+ 2 £(,i 2 £o 22 xy + x„.»B„,y 2 )fl:e, 
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B 


00 01 


II / 


Y'^dz -f 


20 c 


/ 


^ [EoiY .-Y 2(z r~ Zi)EoiY' 


(27) 


(z - ZiyEoi"Y]dz + 


800 ^ 


[Mo^Y^ + 4(s - Zi)EoyYY' -f 


+ (z - Ziy{2Eoi^ - 4£'oi^oi"r-^ 4- EoyY'W'Z + 




/ 


8 .^. 0 * 

+ i y X'Hz 


E 01 ^ Y(z — Zi)dz 4- 3 ^^ 


EoyY‘^(z - ZiY^iz] + 


/ 


Eo^Xdz 4 - 


^1., f 

300'“ J 


[Eo2^X'^ 4- 2EtiiEotXY 4- 


200 7 • 80 ( 

+ 4(s - Zi)Eo2EoiXY' 4- (3 - Ziy(EoyX'^ - ii7o2£'’o7'XF)K2 4- 
3 


4_ 


800 ® 


B 


2000 


j E^JE^^X{z - z,ydz + / (* “ + 

+ 2Eox^Ma,XY),h, 

y - B„rE,Y'Xiz - zi))<iz + f E,,^Ji\i(,z - 


Zi)dz 4- 


15 


3200^ 


/ 


(z - zdiEo^^Bn^Y + E«^‘BnX)th, 


B 


0200 


{-Wo I - 

— Zi)EiiiEoi' YJdz +- f Eod‘{z — Zijdz 4- 

+ 3 ^ f E„^'Y(z - Zi)dz^ “ si? / XooEoY'X(z - Z()dz + 

+ 3 ^. J Eo,^Eo.>X(.z - zt)dz, 


B 


0020 


(5 


Y, + 


400 


/ 


E(ii{z — Zi)dz 4- o 


80c 


/ 


^0 i“F(2 - Zi)dz 




B 


0002 


+ f [(« - Zi) ■ EooEaiX + (2 - z:)\2B:nBoiX' + 

4- Eoi^Y^) ~ {z ~ z^^Ei,iEtit'X\dz 4- f Xnz^BjoiCz ~ 

15 7' 

+ 32 ^? J + Eo^'EotXydz, 

(2k ~ + I + ii; / - 


(2 - 2,)»£?oi"]rf2 + §1^ / [3(2 - 2i)£?„l»F 4- 3(2 -2,)/!■’.?)" 


4(2 - 2i)’£?OlBoi''F]d2 + 




j Bn‘{z 


Zi)Hz 4 - 
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15 


3200'^ 


j I!oi*Y(z - I + gi^ j [(2 - Zi)3EciEoiX 


B 


1100 


- E,iEn''X(,z - Zty]dz + f Eai^EatX{z - z^Vz, (27) 

j [B.iSo^F' - E,A^"Y(z - z,)]dz + gf^ / Eo^Eo.Hz - 


z^dz H- 


15 


1600 ^ 


B 


0011 


2 ^P •®^02(So)(3t — 250)^ + Xi H- 


J [(^ Zi)iBoi^JEJo2X + Bo2^Boi^)]dz, 

~ I E,,(Z - z,)dz + 


B 


lOlO 


■Soioi == 


+ ~ + E^^E,^Y) + iz ~ Zi)KBoi^X’ + 

+ 2EnEoiY') - Eo^n"{z - z,YY]dz + g|^ f Ec 2 Eoi‘(.z - 

15 r 

~ + iafo‘ j ~ + Eoi^EMY}dz, 

4^0" / “ *<) + -£ 02 “^) - (z - z<) 2 ^:oi-Bo 2 "XMz H- 

+ sf^ / - 2i)“4z + / (^ - zdKEoz^E.x^Y + 

+ Eo 2 ^EoiX)dz, 

2 ^ ®oi(zo)(zi — Zo) + 2 ^ J [Xoi — jBoi"(z — Zi)“]dz + 

+ 2(2 - Zi)i?oi=F' - 4(z - Zi)2J5oiXoi"F]dz + 

j Eot’iz - z,ydz + j E,^‘Y(z - z^ydz I + 

~ y [£;oii?o2X - (z - ZiyEn''EmX]dz - 

j E(ix^EQ2X{z — Zi)^dZj 




+ 


S</)(. 

1 

4<t> 


W<l>o^ 


Biooi = 


200 - *o) + 2^^ y ^?02dz + 4^2 y [Xoz^X + 

+ X 01 X 02 F + (2 - Zi)EmE„ 2 Y' - (z - Zi)^Eo^Ei>i''Y]dz + 

'^8^0 J - ztydz + g^ y (* - z.)KE,z‘‘E„{^X + 

+ Eoi’‘EozY)dz 
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■Y Eo^E,^Y)dz, (27) 

~~ ~ 24^0^ J ~ ~Y j — ^i)dz, 

^ I ~ + 32^74 / - 2^.0^/s |, 

~ 24 <^ q 2 y* “" ^iY^nEai' — (5; — 2!,)^Ji"oi-E'o2"Jfi2: + 
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~ J [ 3 (z ~ 
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= __ _ ( 2 - 0 ) _|_ J 
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32<vi J ~ 
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~ g^-E'oi^(2:o)(Zi — 2o) H- g^~2 y [^OJ.^ 
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^1110 — 15 ^ J ^02^jElQi^{z — ZiYdz, ( 27 ) 

Biq2q — g~— 2 J []Sq2Eqi(z — Zi) — E(ixE(^2'(z — Z^^\dz + 

i 15 r 

+ 32 <^q 4 j Eq 2 ^Eqx{z — ZiYdz, 

Boi2o = |g^ J Eax^iz — | + 3^^ J Eo2^Eoi^(z — Zi)^dz, 

B 1002 = — Boi(2o)-B'o2(;3o)(;2t — ZoY 4- g~^ J [SEozEoi^z — 0 ^) — 

— EoiEoi'iz — Zi)^]dz H- J Eoi^Eq2(z — z^Hz, 

B0102 = J [^Eoi^(z — Si) — 

“ 4 (s — ZiYE qiE 01']dz + 3^^ J EqxKz — ZiYdz j? 

Bioii = Bo2H^o)(2:i — Zo)^ 4 - J Eo2^(z — Zi)dz 4 - 

+ / Bo 2 ^Boi^(s - z^Ydz, 

Bom = - ^^Eoi(zo)Eo2(zo)(z, - ZoY + f [BJoiEo^iz - z,) - 

- Bo2Boi"(s - ZiY]dz 4 - J EoYEo2{z- Zi)^dz, 

B002I = 1+^2 f ^0l2(s - Si)w| - ^2 Eo2^{Zo)(Zi - So)^ + 

- z^Ydz, 

^ ^2^02{Zo)Eoi(.Zo)(Zi - ZoY + ^2 / [ 3 ( 2 ^ - Z^YEotEox - 
- Bo2Boi"(s - ZiYdz 4 - 3^4 J EoYEo2(z - ZiYdz. 

Th.6 co6ffici6iits .Aabad of sc^. (26) are obtained by replacing -Bqi(s) by 
Eoiiz), a by h, c by d, and vice-versa. 

Xhe coefficients of the expressions for Axi and Ayi for a single elec¬ 
trostatic deflection field may be obtained by assuming one of the field- 
strength distributions Boi(s) or Eo2(z) to be identically equal to zero. 
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If, for example, Eo 2 {z) is identically equal to zero, the only terms remain¬ 
ing are those in the brackets {} of eq. (27). These terms are called 
^abcd and they are identical with those published by Hutter.® The terms 
of the coefficients Aahcd which remain if Eoiiz) ^ 0 are called aaicd- 

The expression given by eq. (24) may be used to determine the 
‘‘deflection” if the actual field-strength distributions Eoi(z) and Eo^iz) 
are known. For large distances from the deflection system, the expres¬ 
sion for the deflection in one direction is equivalent to a formula derived 
by Rudenberg.® For a deflection in the y direction this expression is 

Y,= (zt- zj) ■ (28) 

^<P0€q, 

where p — cA^ is the charge density, c is the capacitance per unit width, 
and €o is the dielectric constant of free space, Zi is the position coordinate 
of the screen, Za is an axial coordinate where E{z) is essentially equal to 
zero. The field-strength distribution E{z) or the capacitance c can only be 
determined, in most practical cases, by experiment. An electrolytic 
tank potential-i)Iotting device for the determination of E(z) was described 
by Hutter'^ and graphs for the deflection were prepared for a number of 
different deflection fields such as (1) parallel plates with fringing field, 
(2) parallel cylinders or wires, (3) semi-infinite coplanar sheets, and (4) 
bent plates. 

The expressions for Axi and Ayi may be used to compute spot distor¬ 
tion as well as pattern distortion. The former may be obtained by 
taking t,-,*, y,w, Xiw', and yiu as the coordinates and slopes of an electron 
on the circumference of the undeflected beam at the screen. If this 
procedure is repeated for several points on the circumference of the 
fluorescent spot, the shape of the distorted spot may be obtained. Mag¬ 
nitude of pattern distortion may be obtained if these quantities Xiu, 
Viu, Xiu and y^u are taken as the coordinates and slopes of an infinitely 
thin, undeflected electron beam at the screen. The results of a com¬ 
putation of spot and pattern distortions for the two types of deflection 
electrode systems shown in Fig. 5 are shown in Fig. 6. The electron 
beam diameter was assumed to be .08” at the point where the beam 
entered the first deflection field. The beam was taken as conical in shape 
with the apex of the cone at the center of the screen. 

The pattern distortion is shown in the lower left hand corner of Fig. 6. 
Since the distortions in all four quadrants of the target are the same, the 
total pattern distortion is seen to be of the pincushion type. The spot 
distortions at the three points A, B, and C (see areas bounded by broken 
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Fig. 5. —The geometry of two crossed, two-dimensional electric deflection systems. 
The dimensions and potentials are chosen to give equal deflection sensitivity for both 
systems, one consisting of parallel plates and the other consisting of parallel cylinders. 
The distortion and defocusing effects of these two systems are compared and the 
result of the» comparison shown in Fig. 6. 



I.v ».5» 

X-Axis. Tinches) 


Fig. 6.—Pattern and spot distortions produced by two types of deflection fields shown 
in Fig. (.Courtesy of the Journal of Applied Physics.) 
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lines in lower left hand diagram) are shown enlarged at adjacent positions 
in the figure. It is seen that the spot is elongated in the direction parallel 
to the direction of deflection due to the cylindrical lens associated with 
the deflection system, and that the distortions are more pronounced for 
the vertical deflections resulting from the lower deflection sensitivity. 
It should also be noted that the distortions in the corner, B, cannot be 
obtained by any additive process of the distortions produced by each 
field alone. This is due to the fact that the deflection by the first system 
gives the beam unfavorable initial conditions when entering the second 
system. 


4 . Single Three-Dimensional Electric Deflection Field 


The individual deflection fields of crossed systems discussed so far 
were assumed to be independent of one coordinate, i.e., so-called two- 
dimensional fields. We shall now discuss a field of the type described 
under (5). 

The path differential equations in this case are 


L 


1 Eq , 

lE^’^ 

dz 

x’ - 

- 

" 8 

d 

f 


1 Ea^ 

dz 

yt . 


_ __ 




1 
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{x'^ _|_ — 


r ^2 

L v>o J 


0 , 




1 Jgo 1 

2 <j)Q 


2 y 


1 •^0 2 

2 ^0 


4 4*0 
16 <^ 0 ® ^ 


- 5 + y'^)y'\ 

+ TT- (-^o" + 2E',)y‘‘ 


(29) 


1^0 


-g^y(a:'“ + y'^)] 


0 . 


If the assumption is now made that the field varies gradually in the x 
direction, i.e., 


\E(i 


X* 


« 1 , 


(30) 


one gets as a first step: 


1 ^ 
2 <jE>o 


a:" « 0 , 


(31) 
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for: sJiLa:ir angle deflfeetions, i.e., if one also assumes 

" ' l-^o' ' 

the solutions of eq. (31) are 


(32) 


Xg{z) = Xiu + Xiv'(z — Zi), 

Vsi^) = Viu H- - Zi) + Y(z), 


(33) 


where 


Yiz) 


r r^o 

J J zo 


(u)du. 


The differential equations permitting the determination of higher-order 
terms are: 


d 




dz 

_2 ^0 


' + 

d 

~\El 


' + 

dz 

2 4>q 

VgUa 



1 

Eo^ 


2 00 

4 

00 ^ 


' _1_ ^ /'/v. fi 




1 E. 


(34) 


16i0o® 4 <j>o ~ + .V/®"). / 

The additional deflection terms Axi and Ayi may then be determined 
The coefficients have the following form: 

aoooo'”’ = a + 4 .r‘EiY(z - zi)iz, \ 

0:6010^’^^ = oiioio H- f E^Yiz — Zi)Mz, I 

aiioo« = 0 + i r B^Y{z - Zi)dz, f 


OiOUO^ 


0:0110 ■+■ 


1 /■** 


^ 2(3 — Zi^dz, 


(35) 


Oooii^”^ = aooii / ^2(2 — Zi)Hz, 

00210^”^ = 0:0210, aoiid”^ =" o:oin, o:ooi2<’‘^ 


0:0012, 
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/3oooo*'”^ 

/3oooi^”^ 

/3o200^'^^ 

/3o020^”^ 

i0OOO2^^^^ 

iSioio^”’ 




(36) 


= ^0101 ^ ( E^{z — ZiY^dz, I 

<po J zo I 

/ 3 osoo^"^ = ^ 0300 , ^ 0120 ^'‘^ = / 3 oi 2 n, / 3 oio 2 ^'‘^ == /? 0102 , I 

= /3oo2i, /3o2oi^”^ = /Soaoi, /^ooos^'*^ == i^coos, / 

where the quantities a„6.,d and are as defined before. 

As an example, let us examine the magnitudes of pattern and spot 
distortion of a deflection field having the field-strength distribution in 
the a: 2 (^-plane given by 



Expanding Ey{x, z) in a power scries of powers of x, we get 


(37) 



We have then: 



( 38 ) 




One may now choose a pair of typical values for a and Em- 

d ~ 0.34, Em ~ 939, 

Since yiu = Viu = 0 and XiJ 7 ^ 0, Xi« ^ 0 for the second deflection field, 
it follows that the additional deflections Aa;* and A?/* are given by 

Lyi — /Soooo^”^ Hh ^2000^^^Xiu^ 4 - 

Choosing Xiu 

! 

AXi 

For h — 1.58, the values of Axi and Ay* are nearly equal to zero, hence the 
pattern distortion is considerably reduced. The magnitude of spot 
distortion is nearly the same for the two cases h = 1.58 and 5 = 00 . 


= 2.5", Xiu' = 0.20 we obtain for Axi and Ayi, 

= 0.0602 - 0.126 Ayi = 0.09224 - 0.255 — 



6 . Crossed Unbalanced Electric Defection Fields 

The distortion and defocusing effects of an unbalanced field are larger 
than those produced by a balanced field. Two such crossed fields pro¬ 
duce a characteristic pattern distortion, the pattern having the shape of a 
diamond. The general theoretical method used throughout this paper 
piay be applied to such a case to give an explanation for this type of 
distortion. Higher-order effects in the pattern distortion and the spot 
distortion will not be discussed here. 

The potential distribution is described by eqs. (13) and (14). The 
first-order differential equations for an electron path are then given by 

^ |l + 2^ + </>m2<3!>2(«))| j = 

— ~ 2 ^ + 0m2^2(2:))|, 

^1^2/' |l + 2^ (0»nl0l(^) 4- <^m202(2:))| = 

~ ” 2 ^ 4~ <^>m2<;5>2(2:))| • 
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If Xg — yg — Xg' — yg — 0 at z = zq, the solutions may be written 
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(42) 


or, ignoring terms of ^mv/<t>m which are of higher order than the first, 
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+ <i>m2<f>^d^ I Eaidu 


Defining 


r 


Eoi{z) = A<pifi(z), Eoit{z) = A4>%fi{z), 
we obtain for the deviations from a rectangular pattern: 


(44) 


where 


AXi = A<f)z^mi ' An A<j)i<l>mzAzi, 
Ayi « A<pi<l)rni •And- A€|)l<f>„^^An, 


(45) 


4<;^» 


'm 


r^i rz{ ri£ 

/ d^ / <f>K(u)f\(u)du + / I f\iu)du. (46) 

J zn J ZQ J ZQ J Zo 


Fig. 7 shows tlie ideal pattern (heavy line) and the distorted pattern 
(broken line) for the case of two crossed but otherwise identical electric 
unbalanced deflection fields. In this case/x — f^, |A 0 x| == [A 4 > 2 L 4>i = 02 , 
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and l<^>wi| = \<l>m 2 \- Unlike the pattern distortion due to balanced fields, 
the distortion here is seen to be of a different character in each quadrant 
of the target. If the two crossed fields are not identical, e.g., if they are 



Fig. 7.—^Pattern distortion, produced by two crossed unbalanced electric deflection 

fields. 

displaced along the optical axis with respect to each other, the symmetry 
of the pattern about the line y = x will disappear. 


6. Crossed Magnetic Deflection Fields 

The magnetic field strength distribution is given by eq. (16). The 
deflection path of an electron through any magnetic field was given by 
eq. (18). They may also be written in the form 

Vi ^ Ix'/Vl + + ffvl 

Vi ^ [v'/VTTV~+Y^\ = - HJ, 

where 0 is the p otential of the space in which the electrons are moving 
^nd n == ^e/2m, e and m being respectively the charge and mass of the 
electron. For a magnetic field given by eq. (16), we obtain 
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where only terms ol zero, first, and second order of x, x', y and y\ are 

considered. To a first approximation, the equations of motion are given 
by 
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(49) 


Solution of these equations yields 

Xgiz') Xin ~j“ Xiu (z Zi) “j~ J^(z), 

yg(z) == -|- yi^^{z — Zi) -|- T(z) 

where 


:l 


(50) 


X{z) 

Y{z) 
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ro 




HQx{u)du, 

Ho,{u)du. 


(61) 


The quantities X - X{z) and F = F(z) at z - Zi (the screen position) 
are the deflections at the screen. The deflections in the two directions x 
and y are independent of each other in this first-order approximation 
since one depends only upon Box the other only upon Bo,. 

Following the procedure used for electric deflection fields, x, x', y 
and 2 / of eq. (48) will be replaced by x„, Xg', y„ and yg' in all terms of 
ig BT order than the first- The solutions of the resulting differential 
equations can be obtained by simple integrations. If the differences 

and A^yi between the new solutions and those given by eq. (60) are 
taken, one obtains 

0...2 

A^Xi = 2 y<a>cdXiu^yiu^Xiu'^yiu'% 


cbcd 

0...2 


A^yi = V dabcdXiu^yiu^Xiu^yiu'^. 
ab^d 


(52) 
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The coefficients yaua, of eq. (62) are 
1 
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Ihe coefficients Sabcd of eq. (52) are obtained by replacing H^n.i by 
Hin, 2 , o. by^ 6, c by d, and vice-versa. Expressions for Axi and Ayi in the 
case of a single magnetic field may be obtained by assuming one of the 
two field-strength distributions to be equal to zero. 

Eq. (51) may be used to compute the deflection if the axial field- 
strength distributions for both deflection fields are known. To illustrate 
spot and pattern distortions produced by magnetic fields, we take the 
following field functions: 
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(65) 
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and 



The distortions’ sho wn in Fig. 8 were calculated for the following set of 
parameters: 

ip — 2000y, Hm = 35.4 gauss 
b = 0.34", = 10.198", ^ = 30. 

and two values of a, namely, ai — 1.36", as = 0.68". The maximum 
deflections on the screen were dr = 2.5", dh == 2.5". The undeflected 
electron beam was assumed to be cylindrical with radius rj = 0.04". 



X~Ax.l4 (ttnches) 

Fig. 8 .—Pattern and spot distortion by a special pair of crossed magnetic fields. 
The fields are given by.:^ 



The notation is explained in the text. {Courtesy of the Journal of A f ■plied Physics.) 

The pattern distortion is shown for one quadrant of the target in the 
lower left hand corner of Fig. 8. The distortions of the spot, circular 
in shape at the center of the target, at A, B, and C, are drawn on a larger 
scale in the adjacent diagrams. It can be seen that the spot is com¬ 
pressed in the direction of deflection if the beam is deflected by a single 
field but that'it is elongated when deflected by both fields simultaneously, 
A qualitative explanation of the focusing action of a single magnetic 
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deflection field is based on the fact that for vertically upward deflection 
the lower beam edge passes through regions of higher field strength than 
does the upper edge. The under focusing or diverging action of two 
crossed fields of the type given by eq. (54) is due to the fact that the field 
strength distribution along the line ?/ = a: at 2 ; = 0 is saddle shaped. 
Hence the inner edge of the beam passes through regions of weaker fields 
than does the outer edge. 

It should furthermore be noted that spot as well as pattern distortions 
increase in magnitude if the half-width parameter '‘a'' is increased. 

7. Correction of Spot and Pattern Distortion 

It has been mentioned that unbalanced electrostatic deflection fields 
cause a trapeozidal pattern distortion. A number of suggestions have 
been made as to means for reducing this effect. With other deflection 
fields the pattern distortion is considered to be less serious than the spot 
distortion, hence more eff ort has been directed to a reduction of the latter. 

We have seen that the coefficients given by the eqs. (27), (35), (36), 
and (53) each determine a characteristic type of distortion. A method 
to obtain improved deflection fields might be as follows. The coefficients 
are computed for a number of different fields and a comparison made to 
show which is best as far as spot distortion is concerned. The field 
distribution of the best one of these fields is then modified in such a way 
as to reduce the values of the coefficients. This procedure may be 
repeated several times until a set of coefficients having desirably low 
values is found. The new field-strength function obtained in such a 
manner then determines the proper configurations of the deflection 
electrodes or magnets. This method, however, is extremely tedious and 
has never been applied so far as the author knows. 

Another general method may be based on the theory stated by Moss® 
which “is of fundamental importance in the design of all electrostatic 
cathode ray tubes, since it indicates the general method by which the 
beam width, and, therefore, the spot density can be increased without an 
increase in deflection defocusing. I^arge deflectors and a large neck 
diameter to accommodate them are used.” The theorem reads: 

“If the beam width and scale of the whole deflectors (including their 
spacing) are multiplied by k, then the increase of spot size on deflection 
through a constant angle is unchanged, provided the distance between 
the screen and the center of deflection is also unchanged,” 

The proof of this theorem was based on theories of scale, energy, and 
dimensional homogeneity, and upon experimental evidence. A more 
rigorous proof showing, at the same time, some limitations of the scaling 
process can be based on the theory developed here. 
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' Consider a point-focused (conical) electron beam. The defocusing 
effects for a single electrostatic deflection field will be given to a first 
approximation by 

Ayi — / 3 oooo + ^oooi 2 /»v^ 

If all dimensions are now increased by a factor k (keeping all potentials 
constant), the deflection d will very nearly increase by this factor k as 
long as the electrode-to-screen distance is sufficiently large. The coeffi¬ 
cients jSoooo and | 5 oooi will also increase by the same factor and, since yU 
remains unchanged, will increase to k • A^/^. If the screen is now 
brought back to its original position and the electron beam is refocused 
to a point at the center of the screen, the deflection will again be equal 
to d. The angle yiu, however, will be k times its original value (for small 
angles). An inspection of the coefficients / 3 oooo and jSoooi shows that for 
large electrode-to-screen distances the former is a linear function while 
the latter is a quadratic function of this distance. Decreasing the elec¬ 
trode-to-screen distance restores, therefore, /Soooo to its original value. 
Since /80001 increased to k times its original value, and since it is a quadratic 
function of the electrode-to-screen distance, doooi 2 /iu' will reduce to its 
original value when the distance is decreased to its original value. Hence 
Ayi has the original value. 

Space limitation in actual cathode ray and television tubes precludes 
the possibility of making full use of the two general methods described 
thus far. Cathode ray tube engineers appear to have become resigned 
to the fact that deflection systems produce spot distortion and that the 
modification of the electrode shapes or the magnetic coils cannot bring 
much improvement. A number of attempts have been made to influ¬ 
ence the electron beam in such a way that the beam distortions are 
compensated. 

Two methods will now be described which may be of interest. One 
of these methods, disclosed by Schlesinger^uo series of patents, aims 
at accomplishing a reduction of spot distortion by applying an auxiliary 
potential difference between the last anode and the electrostatic deflec¬ 
tion system, and by changing the potential of the focusing element of the 
'electron gun. These potentials are nonlinear functions of the deflection 
potential. The potential which is applied to the focusing electrode 
reduces the refracting power of the electron gun. The potential differ¬ 
ence between the deflecting system and the last anode is applied in such 
a way that the deflection system becomes unbalanced but. always so that 
the momentarily negative plate is closer to the potential of the last 
anode. Due to this potential difference, a lens is created in the space 
between the last anode and the deflection system. The first portion of 
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this lens, in the neighborhood of the deflection plates is a two-dimensional 
diverging lens. If now, at the same time, the refracting power of the 
focusing system is reduced, we obtain as the total effect of these poten¬ 
tials the distortion of the conical electron beam such that there is an 
elongation in the direction of the deflection as shown in Fig. 9. This 
elongation of the spot will then be reduced to zero by the two-dimensional 
focusing action of the deflection field. Fig. 9 also shows the light-optical 
arrangement which is the equivalent of the electron-optical arrangement 
just described. Schlesinger^-^® has suggested several circuits for deriving 
proper auxiliary potentials from the deflection voltages. 




Fig. 9. —Electron gun and deflection system providing reduction, of spot distortion. 

The light optical equivalent is also shown. 


The other method, suggested by liruche and Henneberg,^^ makes 
use of certain properties of the field produced by a magnetic dipole. It 
can be shown that an electron beam moving in the median plane of a 
dipole field tends to diverge. If, therefore, a magnetic deflection field or 
an electrostatic defiection field is combined with such a dipole field as 
shown in Figs. 10 and 11 it is possible to adjust the dipole field in relation 
to any particular deflection field in such a way that the focusing and 
defocusing properties of the fields compensate each other. 

It has been stated that pattern distortion does not represent a serious 
problem in balanced deflection fields. A method of reducing pattern 
distortion of unbalanced electrostatic deflection systems was suggested 
by Fleming-Williams. If the vertical deflection system is a balanced 
electrostatic or a magnetic one and the horizontal deflection system is an 
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Fig. 10 .—Dipole field and magnetic deflection system. An electron beam moving 
in the equatorial plane of the dipole field tends to diverge, counteracting the converg¬ 
ing action of the magnetic deflection field. 



of the dipole field is used to counteract the converging action of the electric deflection 


field. 



a b 

Fig. 12. —Deflection electrodes, designed to yield reduced trapezoidal distortion. 
(Courtesy of the Wireless Engineer^ see reference 12.) 
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unbalanced one, the pattern will be that of a trapezoid ABCD shown in 
Fig. 12a. The horizontal deflection electrodes are indicated in this 
figure by Xi and X 2 . The electrode X 2 is assumed to be the one con¬ 
nected to the last anode of the electron gun. Curving these electrodes 
as shown produces an electrostatic field which exerts a focusing action 
counteracting that of the deflection field. The additional focusing action 
is indicated by the arrows in Fig. 12a. A similar effect is produced by 
an electrode system shown in Fig. 12b, as may easily be understood from 
the equipotential line distribution. 

8 . Ion Traps and Linear Mass Spectrometers 

A combination of electrostatic and magnetic deflection fields has been 
used in instruments designed to separate various kinds of charged par¬ 
ticles which are emitted by a source. The small-angle deflection theory 
does not apply to most of these instruments. In two of them, however, 
the angle of deflection is kept very small for particles having a specified 
ratio of charge to mass. They are the ion trap and the linear mass 
spectrometer. 

Ion traps^®*^^ are used in television tubes to separate negative ions 
from electrons in order to prevent the ions from reaching the fluorescent 
screen where they would be detrimental to the fluorescent properties of 
the screen material. Ordinarily the total beam is deflected off the axis 
by a magnetic field and thereafter an electric field is used to return the 
electron beam to its original direction. Negative ions are not deflected 
back due to their heavier mass. In most engineering designs of such ion 
trap arrangements, even where the electric and magnetic fields are 
established in the same region, two deflections take place and although 
the angle is kept small, a beam distortion occurs. 

The linear mass-cspetrometer^® employs two superimposed crossed 
fields, one of which is usually a uniform electric, the other a uniform 
magnetic field. The directions of the lines of force are such that for a 
particular kind of ion, characterized by a certain ratio ex/mx of charge to 
mass, the total deflection is equal to zero. Particles of other e/m ratios 
also present in the beam are deflected through large angles to either side 
of the undeflected beam. 

The small-angle deflection theory may be applied to the motion of 
those charged particles for which the total deflection is equal to zero, i.e,, 
electrons in case of ion traps and particles having the ratio ex/mx, in the 
case of linear mass spectrometers. The first-order expression for the 
deflection of a charged particle of the ratio ex/m.x of charge to mass and 
the speed of <!> electron volts is given by: 
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If'boi±i't&-rris of- eq: (67) are. made uumerically equal, for. evei:y pbm^ z 
of. the axis, .the cliarged particle mil moye in a straight line, A beam of. 
such charged particles will be less distorted than in: the cases where a 
dehectioii rdoes take place, even if. the fields are adjusted for vanishing: 
total deflection. . Ion trap, fields violated the just mentioned condition as 
was stated above while the fields of linear mass spectrometers are usually 
npt designed to satisfy this condition in the regions of fringing fields.; 
Oliphant, -Shire, and Crowther^® experienced problems in gun alignment 
due to the fact that these fringing fields were not designed to compensate 
each other. - 

III. Large-Angle Dbplection 

It has been shown that deflection-type fields exert also a focusing 
action on an electron or ion beam. It was shown that the lens action of 
the deflection field increases with the magnitude of the deflection. This 
is an undesirable effect in small-angle deflection devices. The purpose 
of devices using large-angle deflections, however, such as mass spectrom¬ 
eters, make such a focusing action a highly desirable feature. Thus, in 
the design of cathode ray tubes attempts are made to avoid the focusing 
action while designs of mass spectrometer fields are governed by the 
desire to obtain as perfect a focusing action as possible. This means 
that all ions or electrons leaving either a point source or a line source of 
certain size should be united again at a point or fine after deflection. In 
case of a line source, one usually does not attempt to design a deflection 
field yielding a stigmatic imagery. The best that can be hoped for in 
this case is that a line in the object-space corresponds to a line in the 
image-space. Point sources are used in case of so-called two directional 
focusing spectrometers. The fields of such mass spectrometers provide 
a point-to-point relation between object and image space. 

The theory of large-angle deflection fields, as developed by Wendt, 
is a generalization of the theory of ordinary focusing fields. In case of 
rotationally symmetrical lens fields the optical axis is a straight line which 
connects the center of the object plane with the center of the image plane. 
This axis is at the same time a special electron path. The electro-' 
magnetic fields are expanded in series about the optical axis and the 
equations of motion are integrated by methods of successive approxima¬ 
tion. In this manner relations between object and image (such as loca¬ 
tion and magnification) are obtainable, and mathematical expressions for 
lens aberration may be derived. In case of large-angle deflection fields, 
an electron path of certain simple geometrical properties (i.e., circular 
or cycloidal), is singled out and called the optical axis. The electro-' 
n;Lagnetic fields are'then Expanded in a series about this new optical axis 
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and the paths of electrons or ions in the neighborhood of the ^xis are 
investigated. 

1 . Motion oj Particles in Systems with Arbitrarily Curved Axes 

In order to obtain a general theory, it shall be permitted that the 
optical axis may be any curve in space. This optical axis is called the 
■ly-axis. The two other coordinates called u and v are along lines per¬ 
pendicular to the space curve at any point. The w-axis is taken in the 
direction of the principal normal and the v-axis is taken in the direction of 
the binormal. If p is the radius of curvature of the space curve, and r 
is the torsion of the optical axis, the line element in the utw space is 
given by: 

dU = dw ■ + “V + (u" + v^)r\ (58) 

The differential operators in the new system of coordinates are given by: 
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The electric or magnetic potential may then be expanded formally in 
the f ollowing series: 

yp = i/'oo 4- + v^oif Hh ^20'W^ + 4 'nuv + ypQ%v‘^ , 

or / 

0 ... 00 > (03) 

yp - ^m,n(w) • \ 

m^n 

where the coefficients \p„,,n are functions of w. The components of the 
field strength are then expanded in the following series: 



The magnetic and electrostatic potentials have to satisfy LaPlace’s 
ecLhation: 


V • Vip = 0. 


(65) 
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Substituting the series into this equation, recurrence formulas for the 
coefficients are obtained. The equations of motion may be derived from 
Hamilton’s principle, 

h^Fdw — 0, 

where 
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Expanding F in series of powers of u, v, u' and v' one obtains 

F — Fq Ft + 4” Fz •+■•••, 
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The' symbol <p was chosen for the electrostatic potential and the coeffi¬ 
cients in the series (63) were called <t>m.,n- The magnetic scalar potential 

•nmn^ mwiiii j ^ . . 

was called 0jif. Using the relations H = —V^Pm and H = V X A it is 

possible' to derive series expressions for the components of H and A. 
The coefficients of such series for i?«, Hv and are called Humn, B^rnn, 
JTiowin. (The corresponding Euler-Lagrange equations belonging to the 
Hamilton principle are 
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(70) 


As usual, the term iFo does not contribute to the motion of electrons; the 
term Fi jleads to an expression for the curvature of the optical axis. In 
case thd optical axis was initially chosen as a possible electron path 
(verified by direct integration of the equation of motion), the equations 
of motibn resulting from Fi will be identities. The equations are 
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Ordinar^ily, the coefficients 0oi and iT«oo will be equal to zero. 

If t^e term F 2 is substituted in the Euler-Lagrange equations, the 
following equations are obtained: 
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The solutions of these equations describe the so-called first order electron 
path, in electron optics usually called the gaussian path. Substituting 
the term J ^3 in the Euler-Lagrange equations, one obtains ' > . 
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where the coefficients ,Cm,« are defined by eq. (69). Here the solu¬ 
tion of the first order electron path was substituted in all terms higher 
than the first degree- The solution of this system of differential equa¬ 
tions obtained describes the electron path to the next higher degree of 
accuracy. 


2. A Crossed Field Mass Spectrometer with a Radial Blectrical Field 

As the first application of the general theory developed so far, a 
special cross-field mass spectrometer'^'^®'l° will be discussed, the T-radian 
mass spectrometer will also be mentioned. 

The deflection field is assumed to be an electric field produced by 
concentric cylinders and uniform magnetic field in the direction of the 
axis of these cylinders. The electrostatic potential is given by 


(fir) = 




Vi - V,, r 
In Jii/Ri 7 


(74) 
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The magnetic field has only one component, namely : 


H. = H ~ const. 


(75) 


The curved optical axis is taken as the circle of radius p. By inspection 
of the equations of motion, it can be seen that such an electron path is 
possible if 

(Fa - Fi)/ln R^/Ry. + 2<^o 1 


(S-)' 


The potential series in the u, v, w system of coordinates is given by 


<f>(u,v,w) + 2p2'^3p8 4p^'^ 


(77) 


With the abbreviation: 


(Fj - Fi)/ln Rt/R^, 
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one obtains 
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The magnetic field has only one component H„qq: 


(80) 


Furthermore, w — pd hence 
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The zero-order path equations are identically satisfied if eq. (76) 
is taken into account: 
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The first-order path equations become 


and 


^ (u') = — (1 -f y^)Uj 

re = «• 


(81) 


the solutions of which are 

u = a cos -y/l 6 -{- b sin \/1 + 0,\ 

and y (82) 

V — c -j- dd. } 

If u — 0 Sit d — u will be equal to zero again at 

e = . IT. 

Vl 4- 

For a purely magnetic field (y == 0) one has <9 == x — 180°, while for a 
purely electric field between concentric cylinders {y — 1), 
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The second-order aberrations are described by means of the term Fs 
of eq. (69). The differential equation for u is: 


^ («') + (1 + y^)u = (1 - y) ^ + g y(i - 

-gCi+2/)(83) 

which is correct for ions which have no initial slope in the v direction. 
The integration of this equation leads to an expression for the line width 
L in the image plane, which is 


o 1 + 4- 2/^ + 

“* (1 +2/“)“ 


(84) 


where a is the angular aperture in the object plane. In the case of a 
purely magnetic field one has 

Lm *== —aVo, 

and for an electrostatic field 


L« = — ^a^To. 
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This line width is further increased, due. to electrons which have an initial 
slope in the v direction. , 

It was shown that the focusing .action of the deflection fields discussed 
is imperfect in the uw-^lsme and nonexistent in the vty-plane. Only a 
fraction of the current leaving the source is collected by an exit slit. 
Attempts have been made to improve mass spectrometer fields in two 
ways. Fields have been designed for providing perfect focusing in the 
Miy-plane disregarding, however, motion of ions outside this plane. 
Examples of such fields were described by Bleakney and Hippie,^® and 
Coggeshall.2i Spectrometers have also been designed providing focusing 
action in both ^he u and v direction. Such instruments are called two- 
directional focusing spectrometers, and were described by Siegbahn and 
Svartholm,^^'^^ Svartholm,^® and Shull and Dennison.^®* 

3. A Crossed Field Mass Spectrometer with a Constant Electric Field 

As an example of the perfect-focusing type of instrument, the mass 
spectrometer of Bleakney and Hippie^® will be discussed. The common 
cycloid is chosen as the optical axis. The equations of this curve are 

X — a{d •— sin 6)^ y — a(l — cos 6). (85) 

The line element of this curve is 


dw = 2a sin ^OdO, 

and the length of the arc of the common cycloid is, therefore, 

w — Jq sin ^ddd = 4a[l — cos 6], 

The slope is given by 


dy 1 . 

3 ^ = cos t; 6. 
dx 2 

The equations of the normal are 

X ~ n(0o — sin 0o) “h cos * 'aj 


y == a(l — cos 0o) — sin ^6^ • u. 


The potential distribution is assumed to be 
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* Shull and Dennison have called these instruments ‘‘double-focusing" spectrom¬ 
eters. It should be pointed out that such a term, is misleading since it implies that the 
instrument focuses particles having different e/»i ratios, velocities, and direction with 
respect to either two of the three different properties. 
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The expansion of this potential function in powers of u is 


<p 


n- Fx 
2 d 


2 a sin^ Tzd — sin 7 ^ 6 ■ u 


(91) 


The coefficients 4>m.n therefore, 
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all other 4 >m,n being equal to zero. 

The magnetic field has only one component: 

Hu =0, Hv = —H — const, //«, = 0. 

In order for the cycloid to be an electron path, a must be given by 

m Fa ~ Fi 1 

a ~ 
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As before, the zero-order path equation turns out to be an identity. 
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may easily be transformed to 
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= 0. 


■The solutions of these equations are 

u = A cos ^6 B sin v — Ax Bid, 


(98) 
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or with obvious initial conditions 


u = Uq' sin -10, V = Vo 0. (99) 

If u is equal to zero at 0 — 0 then v. will be zero again at 0 = 27r. It has 
been shown that the focusing takes place at 0 = 2-jr. 

In order to compute the aberrations, is evaluated, the result being 
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The perfect-focusing properties of the mass spectrometer field under 
discussion are expressed by stating that the field is free of aberrations 
(for electron paths without initial slope in the v direction). 

It can easily be shown that 


Cb = 0 . 


( 101 ) 


Higher-order aberrations will not be computed. 

4 ^ The Determination of Curved Optical Axes 


The results of investigations by CoggeshalP^ and Coggeshall and 
Muskat^® may be used to determine a curved optical axis for a number of 
mass-spectrometer fields. These authors integrated the equations of 
motion of charged particles for single magnetic fields and combined mag¬ 
netic and electric fields. The fields are not necessarily uniform but are 
restricted in that the magnetic and electric field-strength vectors are 
mutually perpendicular and are functions of one coordinate only; the 
electric vector has only one coihponent in the direction of that axis on 
whose coordinate it depends as a function. 

Let (p{x) be the electric potential and the magnetic field strength 
component. The equation of motion in the yx plane is then 
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one obtains 
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The corresponding equation for the case of a radial electric field given 
by an electric potential function (p(r) and a magnetic field described by a 
function Hg(r) is 



g(r) = 



i H,(,r)dr + ~ 


(107) 


Due to the assumptions concerning the orthagonality and functional 
dependency of the electric and magnetic field vectors, the above integra¬ 
tions apply only to motion in a median plane.* In other regions of 
actual fields these assumptions are generally not satisfied. 

For a number of simple fields, eqs. (106) and (106) can be integrated 
in terms of elementary functions. Numerical methods may be employed 
if analytical methods fail or if the fields are given experimentally. 

Fields investigated in this manner are: 

1. Homogeneous magnetic field. 

2. Linearly varying magnetic field.^® 

3. Exponentially varying magnetic field. 

4. Radial fields.^® 

6. Homogeneous electric and magnetic fields- 

6. Linearly varying electric field and homogeneous magnetic fiield,®^ 

7. Quadratically varying electric field and homogeneous magnetic 
fields.®^ 

8. Exponentially varying electric and magnetic fields.®^ 

9. Homogeneous magnetic field and an electric field varying inversely 
with the radius. 

10. Homogeneous magnetic field and an electric field varying directly 
with the radius.*^ 


All fields with the exception of No. 9 admit of analytic solutions. 

Some of these fields provide perfect focusing in the median plane, 
which is a desirable feature. The investigations may be supplemented 
by means of the theory outlined above in order to obtain information 
about ion or electron paths other than those in the median plane. This 
information is necessary to arrive at a correct basis for the comparison 
of the relative merits of the perfect-focusing mass spectrometer and the 


* Such a plane is located symmetrically relative to the magnetic pole-pieces and 
located properly relative to electrodes producing the electric field. 
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two-direQ^ional foousirig mass speetrometer. The theory of the latter 
type ihstrum.ent is now. being deyeloped. . : : 


6. Two-Directional Focusing with Deflection Type Fields 

The first-order electron path was given by eq. (72). All electrons 
leaving a point in the Object plane tt? = ^{;o go through the point in the 
image plane w = Wi, if there are particular solutions in u and v which are 
equal to zero at w =.Wi. A study of the path differential equations with 
the'object of obtaining field distributions for which eq. (72) has this 
property is rather complicated. The investigations by Wendtwere, 
therefore, restricted to the case of rotational symmetry about the curved 
optical axis. In this case, the solutions u and v are of the same functional 
type. The first order path differential equations must be of the form 


d 

dw 

d 

dw 


(nu' — mv) — pu nw', 
(tw' + mu) = pv — mu', 


( 108 ) 


or 


A. 

dw 

A 

dw 


(109) 


(nu') — pu + m'v ■+■ 2mv', 

(nv') = pv ■— m'u — 2mu'. 

Comparing corresponding terms in eqs. (72) and (109) one obtains: 
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Relations between the coefficients of the potential series are obtained 
by substituting these series into LaPlace’s equation. These relations, 
combined with eq. (110) give : 
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The equations in u and may be combined into one single equation by 
writing 

g- = -f- iv = (^£ -j- ^ (112) 


The magnetic component ilwoo causes a rotation of the image, 
angle x is given by 




X = 



m 


\/ < 35*00 


dw. 



The 

(113) 


The differential equation in 9 is given by 

The.solution of this equation may be written in the form 

9 ~ dgiw) -b Sh{w), (115) 


It may be verified that the solutions for u and v can be written in the form 


u = [(wo cos X — Vo sin x)f7 + cos (x — Xi) — 

— VaSin (x — x<))>^], 

V - [(wo sin X + Vo cos x)ff + (ua sin (x — Xi) +• 

4- Va cos (x — X.))^i]- 


(116) 


The particular solutions g and h must satisfy the following boundary 
conditions: 


kiwo) = 0, h(wa) ~ 1, I 

giwo) = 1, g(w„) *= 0. I 


(117) 


w = Wa is the coordinate of an aperture plane. The image plane is 
located at w — Wi, where 

« 0. (118) 


It is assumed that the space between the planes w ^ Wa and w ~ Wi is 
field-free. 

The dioptrics of focusing systems of arbitrarily curved axes may be 
patterned after that of ordinary focusing systems. Relations between 
object and image distances, magnification, focal lengths, and location of 
the principal planes will be the same in both types of systems. 

It has been seen that it is necessary to know the particular solution 
of eq. (114) in order to be able to determine focal lengths and the loca¬ 
tions of the principal planes. These solutions must satisfy the conditions 

9{wo) s== 1, 9'(wo) 0. - (119) 
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'The fooal length on the image side is then given by 

!//<== -a/. 

: ■ . 1 

The focal -length on the object side is 

i/u =-mVWn, 


( 120 ) 


( 121 ) 


where Vo and Vi are the potentials in the object and image planes 
respectively. The location of the principal plane of the image side is 
given by 

WHi = Wi — fi{l — 5-i). (122) 


The location of the principal plane of the object side is 

WHo = y>0 —/o(l — ^o). 


(123) 


^ r^he theory of lenses of rotational symmetry uses methods of succes¬ 
sive approximation to obtain a particular solution of the path differential 
equations. As the first solution, d^i = 1 = const is ordinarily chosen. 
The second integration gives 


1 + 
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Repeated substitution of solutions into the right side of eq. (114) yields 
improved solutions. 

In the case of arbitrarily curved optical axes, however, it is often ‘ 
true that the electron path has the value zero within the field, hence, 
= const taken as the first approximation, appears undesirable. If 
. . , \ , , 1 .1 . 


it is assumed that 0oo and ( p 


change only gradually so that one 
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considers them as practically constant within an interval, eq. (114) has 
as a solution a circular function. As a first step, therefore, one may 


assume 
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(fi = cos 
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Theffpllpwing approximation may then be written: 


(125) 


(126) 


1 + 


dw 

wa 000 


rv) - / fv} \ 

/ V0^ cos ( I adw j dw, (127) 

J m \J wa / 



THE DEFLECTION OP BEAMS OP CHAKGED PARTICLES 


215 


To this degree of approximation (assuming w = wq and w ~ wi in field- 
free space), one may obtain for the focal lengths and the location of the 
principal planes 
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6. Purely Electric Deflection Fields 
In this case the following set of relations is obtained: 
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The potential series has, therefore, the form 
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From these considerations, the equipotential line distribution is given by 
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which is the equation for a set of confocal hyperbolas, 
on the ly-axis is constant, that is 


we obtain 



If the potential 


(134) 


This potential distribution is shown in Fig. 13 which also shows electrodes 
producing such a field. 



Fig. 13,—Electrodes of an electrical focusing system with a curved axis. (From Z. 
Phys., 120, No. 11/12, 1943, printed by permission of the Alien Property Custodian.) 


One of the electrodes was assumed to coincide with the asymptotes of 
the set of confocal hyperbolas. The equipotential line passing through 
the point u = 0,v =0 was assumed to be at the potential <pk = <^oo = V. 
The second electrode was taken to coincide with the equipotential line 

^ = f V. 

7. Purely Magnetic Deflection Field 

In this case, 
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Introducing the magnetic scalar potential the following series is 
obtained for this quantity 
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where 


p = 
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oo 


(136) 

(137) 


This equation represents a set of ellipses, parabolas, or hyperbolas 
depending on whether, in a plane w = const, is greater, equal, 

or smaller than 


♦ 



Fig. 14.—Pole pieces of a magnetic focusing system with a curved axis. Equi- 
potential lines of the magnetic scalar potential are shown. (From Z. Phys., 120, No. 
11/12, 1943, by permission of the Alien Property Custodian.) 


(138) 

(139) 

This equation describes the set of equilateral hyperbolas with the 
asyndptotes 

u ^ 2p, a = 0. (140) 

Pole pieces producing such a magnetic field are shown in Fig. 14. The 
magnetic field distribution discussed by Shull and Dennison^® is a special 
case of the one just described. 
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L Introduction 

Mass spectrographs and mass spectrometers are electronic instru¬ 
ments which analyze substances according to the mass of the constituent 
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elements and molecules present.* The basic principle upon which they 
operate is that moving charged particles of the same energy or velocity, 
but differing in mass or charge are acted upon by forces of different mag¬ 
nitude while passing through magnetic fields. The particular arrange¬ 
ment of fields is a problem in ion optics. In general, the instruments 
consist of three major components; a source for producing a beam of 
ions; an analyzer into which the beam is projected and by means of which 
it is resolved into its characteristic mass components; and a detector 
system for recording the resolved ion beams. 

The first important result due to the mass spectroscope was the 
discovery by J. J. Thomson^ that neon was not a simple element, but 
that it consisted of a mixture of two different isotopes; later these were 
extended to three. Since that time 302 isotopes have been found that 
occur by natural processes in terrestrial matter. 

The second important result due to the mass spectroscope was 
Aston’s^ proof that the masses of all isotopes are not simple multiples of a 
fundamental unit, but that they are characterized by a mass defect, that 
is, isotopes do not have integral masses. It is this mass defect that gives 
rise to the energy produced in fission.® 

More recently the mass spectroscope has been applied in many other 
ways. These applications include the rapid analysis of hydrocarbon 
mixtures the use of tracers in biological, chemical, and metallurgical 
problems;^® the most sensitive method known for locating gas leaksand 
the routine control of industrial plants.^® 

It is in the interest of acquainting the reader with this new and power¬ 
ful tool that this article is written. 

II. General Theory 

Unfortunately there is no such thing as a single mass spectrometer or 
spectrograph which can be called a universal machine, that is, one that 
can do all problems involved in mass spectroscopy. Generally, the 
mass spectrograph is employed for determining what masses are present 
or to determine mass defects, while the mass spectrometer is used to 
measure the relative abundances of the different components in the mass 
spectrum. There is, however, a great similarity in the components of 

* Mass spectrographs and mass spectrometers are two distinct types of instru¬ 
ments. The name mass spectrograph is generally restricted to those mass sensitive 
instruments which prodtice a focused mass spectrum on a photographic plate. The 
name mass spectrometer is applied to those machines which bring a focused beam of 
ions to a fixed collector, where it is measured electrically. The terms mass spec¬ 
troscope and mass spectroscopy are used in a loose sense to include both types of 
machines, and will be so used in this article. 
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the two types of machines, so that the apparatus will be discussed 
together. 

It will be suflficient for the purposes here to give a very brief summary 
of the important equations used in instrument design. 

1. Ion Trajectories in Magnetic and Electrostatic Fields 

When a charged particle moves through a magnetic field, a force 
directed perpendicularly to both the direction of motion and to the 
magnetic field is exerted upon it by that magnetic field. This force 
is represented by the vector equation: 

F = (1) 


where B is the strength of the magnetic field in gauss, e is the charge on 
the moving particle in e.s.u., y is the velocity of the moving particle in 
cm./sec., and c is the velocity of light in cm./sec. 

The ion path of a particle subjected to this force is obtained by 
integrating the differential equation formed by equating this force to the 
rate of change of momentum of the particle: 


F = 


ev X B 
c 



( 2 ) 


where m is the mass of the particle in grams. 

In the great majority of modern mass spectroscope designs the 
particles move at right angles to the magnetic field, and the velocity of 
these particles is very much less than the velocity of light. This equa¬ 
tion can therefore be written in its nonvector nonrelativistic form: 

F — ev {B/c) == mv^Jr-tn (3) 

where Vn, is the radius of curvature of the particle path in the magnetic 
field. 

The kinetic energy of an ion moving with a velocity v is: 

KE = = eV (4) 

where V is the voltage through which the ion was accelerated in e.s.u. 
Combining eqs. (3) and (4) to eliminate v: 

= (c/B)(2my/e)i (5) 

If the mass is expressed atomic mass units, the magnetic field in 
gauss, the radius of curvature in centimeters, and ion accelerating poten¬ 
tials in volts, eq. (5) becomes: 

» (144/B)(OTFA)i 


( 6 ) 
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From this equation it can be seen, that the path an ion follows in the 
magnetic field is a function of the mass of that ion. It is this fact which 
is used as the basis of mass spectroscopy. Fig. 1 shows the trajectories 
in a magnetic field of two ion beams having the same energy, but differing 
in mass. 

A similar derivation of ion deflection in an electrostatic field where 
the ion trajectories are at right angles to that field gives: 

n = 2F/^? (7) 



where is the radius of curvature of the ion path in centimeters, E is the 
electrostatic field in e.s.u. volts/cm., and V is the voltage through which 

the ion was accelerated in e.s.u. 
From this equation it is apparent that 
the path an ion follows in an electro¬ 
static field is not a function of the 
mass of that ion. The importance of 
electrostatic deflection in^mass spec¬ 
troscopy is that a combination of 
electrostatic and magnetic fields can 
be made, such that the velocity dis¬ 
persion of the electrostatic field just 
compensates for the velocity disper¬ 
sion of the magnetic field. Such a 
combination of fields gives a machine 
which operates independent of any 
inhomogeneity in the initial energy 
of the ion beam. This type of 
velocity correction is called ‘‘velocity 
focusing.^’ Several examples of mass spectrographs, which use velocity 
focusing, will be discussed in section 111-6 of this article. 

It is to be noted in Fig. 1, that the deflection of the ion beams has 
been drawn as starting at the magnet face. Actually, the deflection 
starts before it reaches this face due to fringing effects. This fringing 
field maybe taken into account by assuming the effective field as larger 
than the pole faces by an amount equal to approximately one gap width. 
This is, of course, only the first order correction since the path actually 
deviates before it reaches this point. However, in most applications it 
is pointless to make a detailed calculation of second order fringing cor¬ 
rections, since in all practical applications the final alignment must be 
determined experimentally. 

Likewise, in the case of electrostatic fields a correction is necessary 
for the fringing effects due to the electrostatic field. These corrections 
have been worked out in detail by Rogers. 


trajectories in a magnetic field of two 
perfectly collimated ion beams having 
the same energy, but differing in 
mass. 
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In experimental applications a slit 


2. Focusing Properties of Magnetic and Electrostatic Fields 

Figure 1 shows the trajectories for perfectly collimated beams of ions. 
Theoretically, a perfectly collimated beam of ions is possible only with 
infinitely narrow slits. Such an ideal condition would reduce ion inten¬ 
sities to infinitely small values, 
system in which the slits have 
finite width is necessary so that 
usable ion currents may be ob¬ 
tained. As a result, the ion beam 
is divergent as it enters the 
analyzing field. However, mag¬ 
netic and electrostatic fields have 
focusing actions such that a diver¬ 
gent beam of ions of a single 
energy may be refocused- This 
type of focusing is called “direc¬ 
tion focusing.” 

The general problems of elec¬ 
trostatic and magnetic direction 
focusing have been solved by 
Herzog.^® Referring to Fig. 2, 



Fig. 2. —Diagram showing the direction 
focusing action of a magnetic field for 
ion beams homogeneous in. energy. 


the equation of direction focus for an ion beam of one mass, whose 
central beam enters and leaves the magnetic field at right angles to the 
faces of that field, can be written: 


edits ■“ gm") (dsts gm) jfis® 

where/« and gm are defined by the equations: 


( 8 ) 


fm ** Tm. CSC 0 
gm =» Tm cot 0 


dim is the distance from the apex of the divergent beam to the effective 
face of the magnetic field or object distance; d^m is the distance from the 
effective exit face of the magnetic field to the point of focus or image 
distance; is the radius of curvature of the particle path in the magnetic 
field; and 6 is the angle through which the normal ion beam is deviated. 

As an example of the application of eq. (8) consider the “ symmetrical ” 
type of mass analyzer with an ion deflection of 60°. The term sym¬ 
metrical" refers to the special case where dim is equal to dim* In this 
case we have from eq. (8): 


dim "■ 


(») 


dtm ■“ r»i(csc 60*^ •+• cot 60®) 
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or: 


dxm — dim, ~ 1.732r»i 


(10) 


ThuSj the object and image 
effective faces of the magnet. 


j—dj^; 



ION 
DETECTOR 

Fig. 3. —Diagram showing 
the direction focusing action of 
an electrostatic field for an ion 
beam homogeneous in energy. 


distances are 1.732 Vm units away from the 
The graphic construction of this particular 
focusing arrangement is shown in Fig. 5. 
This particular type of analyzer was used in 
conjunction with a direction focusing elec¬ 
trostatic analyzer by Bainbridge and 
Jordan^® in 1936, it was used by itself as 
a mass spectrometer by Nier^^ in 1940. 

A general statement which is valid for 
any angle of deflection in a magnetic field 
is that the defining slit of the source, the 
center of curvature of the central ion 
beam, and the final focal points are all in a 
straight line, see Figs. 2 and 5. 

„ Referring to Fig. 3, the eiiuation for 
direction focusing in a radial electrostatic 
field is: 


idle {die 

where and /« are defined by the equations: 


( 11 ) 


Qe = r, cot (\/2 4,)/'y/2 
ft = ro /-\/2 sin \/2 

du is the distance from the apex of the divergent beam to the effective 
face of the electrostatic field; du is the distance from the effective exit 
face of the electrostatic filed to the point of focus; r« is the radius of 
curvature of the particle path in the electrostatic field; and 4> iB the angle 
through which the ions are deflected. 

As an example of this equation consider the symmetrical focal points 
for electrostatic deflections of 90^^, Fig. 3. The focus eq. (11) becomes 
for this case: 


or 


die = die = re (cot 127.28“ + l/sin 127.28“)/V2 (12) 


die — die ~ 0.35r« (j 3 j 

Thus, the object and image distances for the 90° electrostatic lens are 
0.35re units from the effective ends of the condenser field. A slight 
variation of this type of electrostatic lens was first reported in mass 
spectroscopy by Dempster,^® who used it in connection with his double 
focusing mass spectrograph. 
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3. Velocity Focusing Properties of a Combination of Electrostatic and 

Magnetic Fields 

By proper combinations of electrostatic and magnetic fields a collir 
mated beam of ions of one mass, but heterogeneous in energy may be 
focused. In the special case of a direction focusing electrostatic field 
followed by a direction focusing magnetic field as shown in Fig. 4, the 
condition for velocity focusing as given by Mattaueh and Flerzog"^® is: 

[r,(l ~ cos v/2 (f) + (A — dim) sin -\/2 4>] 

— — cos 0) + dim {sin 0 +• tan E(X — cos 6)}] (14) 

where E is the angle between the normal to the magnetic field and the 
incident ion beam. The positive sign is used in this equation when the 



ION 

DETECTOR 

Fig. 4. —Diagram illustrating the double focusing action of a combination of direction 
focusing electrostatic and direction focusing magnetic fields. 

ion deviations in the two fields are in the same direction, and the negative 
when in the opposite. The condition for double focusing ” i.e,, simul¬ 
taneous correction for direction and velocity inhomogeneities, is that eqs. 
(8), (11), and (14) must be satisfied simultaneously. Several machines 
which accomplish this have been built and are summarized in section 

It is apparent from eq. (14) that in the general case, the condition of 
double focusing can be attained at only one point, i.e., at This 

is not a factor when a double focusing machine is used to focus an ion 
beam of one mass on a fixed slit. However, when the beams of different 
mass are focused on a photographic plate to form a mass spectrum it is of 
prime importance to know how rapidly the machine deviates from the 
perfect focusing condition. 
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For more general mathematical details on the focusing conditions the 
reader is referred to the papers of Bartky and Dempster, B[er25og,^® 
Mattauch and Herzog,^® Dempster,Bainbridge and Jordan,^® Cartan,®® 
and Hutter.^® 

4 . Mass Dispersion Produced by a Magnetic Analyzer 

The approximate distance between the ion beams of two different 
masses at the point of focus is: 

D = (r™/2)(Am/mo) (1 - Qm)) (16) 

where D is the distance measured perpendicular to the ion beam between 
the two masses in centimeters, Am is the difference in mass of the two 
masses under consideration, and mo is the mass of the focused ion beam. 



Fig. 6.—Graphical construction of the 60° sector type symmetrical magnetic analyzer, 
showing the focusing action and the mass dispersion. 

This equation is valid for ions entering the analyzer at constant 
energy. For those entering at constant velocity the dispersion is doubled. 

If the analyzer is of the symmetrical type, dim == dim, substitution of 
eq. (8) gives: 

D = rm^m/rrin (16) 

Thus, for example a 60° symmetrical magnetic analyzer operating 
with a mean radius of curvature of 50 cm. has a mass dispersion of 10 
mm. for a 1% mass difference as measured along the locus of the focal 
points, see Fig. 5. 

6. Line Widths Produced by Electrostatic and Magnetic Analyzers 

It is impossible to give in a short article, such as this, complete dis¬ 
cussions of line widths produced by analyzers. It will be instructive, 
however, to write down the equation for the image widths produced by 
symmetrical electrostatic or magnetic analyzers. The equation for the 
electrostatic analyzer obtained by Stephens®^ is: 


Ws “ (|)(na*) 4- /Sx + r,AF/F 


(17) 
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where We is the width of the ion beam at the image point in centimeters, 
a is the half angle of divergence of the ion beam emanating from the 
object point in radians, Si is the width of the defining slit at the object 
point in centimeters, V is the average energy of the ions beam, and AV 
is the spread in energy in the ion beam. 

Similarly for the symmetrical magnetic analyzer: 

Wm = + St + r„AF/F (18) 

where the definitions apply as before, except that they apply to the 
magnetic analyzer. 

It should be noted, that the term of eq. (18) is the term which 
results when plane faces are used for the magnetic analyzer. By properly 
shaping the entrance, and/or, exit faces of the magnetic analyzer or by 
making the magnetic field nonuniform, this term can be eliminated. 
The radius of curvature of the field entrance and exit faces for the 60 
and 90° symmetrical analyzers, which will compensate for the 
term of eq. (18), has been worked out by Bainbridge. The solution is 
approximately: 

(19) 

where is the radius of curvature of the field boundaries, and Vom is the 
radius of curvature of the median ray. 

Several practical considerations come into the use of eqs. (17) and (18). 

They assume that the fields are homogeneous, 

They assume there is no Rutherford type scattering of the ions 
due to gases in the analyzer chamber, i.e., the pressure is low. 
They assume that there is no dispersion of the ion beam due to 
electrostatic repulsion among the charged particles. 

They assume that there is no deviation of the ion beam due to the 
presence of surface effects in the analyzers. 

From this discussion the important factors, those that influence line 
widths in the general case, are immediately apparent. 

Ill, Apparatus 

A number of physical arrangements have been used by the different 
workers in the field of mass spectroscopy to solve different problems. 
For convenient discussion the machines are divided into four components, 
see Fig. 5. The source which forms a collimated beam of ions, and the 
sample system by means of which the sample is introduced into the 
source, the analyzing system by means of which the ion beams are 
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separated according to their M/e value, and the detecting system by 
means of which the resolved ion beams are collected and measured. 

1. Ion Sources Used in Mass Spectroscopy 

Table I summarizes the various types of ion sources which have been 
used in mass spectroscopy. For actual details of construction the reader 
is referred to the references listed in Table II. 


Table I. Ion sources used in mass spectroscopy. 


m source type 

Approx¬ 
imate 
spread 
in ion 
energy 
(volts) 

First 

reported 

by 

Special 

requirements 

1 

Best use for 

Gaseous discharge... 

1000 

Thomson^® 

Double focusing 

Packing fractions 

Anode ray. 

1000 

Aston®® 

spectroscope 
Double focusing 

No longer used 

Hot anode. 

0.2 

Dempster 

spectroscope 
Work function of 

Isotopic abundance 

Hot anode in gas.... 

0.2 

Moon and 

element must be 
low 

Work function of 

and chemical purity 

Isotopic abundance 

Electron bombard¬ 
ment . 

0.2-4.0 

Oliphant®’^ 

Dempster®* 

Dempster®* 

element must be 
low 

General purpose 
General purpose 

Hot spark. 

1000 

Double focusing 

i 

Gaseous discharge in 

100 

Wall*® 

spectroscope 
Double focusing 

Ijoak detection 

magnetic field 
Secondary ion....... 

Arc discharge. 

5 

10 

Smith**^ 
Koch*® - 

spectroscope 

Surface plienomena 
Isotope sc'paration 




The gaseous discharge type of source has been used in recent years 
for packing fraction determinations only. Even in this application it is 
now being supplanted by the electron bombardment source, wliieh is 
much more flexible, and in which the conditions of ionization are under 
much better control. 

The anode ray source is of historical importance only. 

The hot anode source, one arrangement of which is illustrated 
schematically in Fig. 6, is of considerable use in analyzing elements which 
have low ionization potentials. With this type of source the material 
to be analyzed is applied directly to the filaments as a solid. When this 
filament is heated in vacuum, some of the material is evaporated from 
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the filament as ions. These ions are then accelerated and collimated 
into an ion beam by the collimating slits of the source. 

The ionization produced by the hot anode source depends on the fact 
that the filament has a higher affinity for electrons than the material 
applied to it. Specifically, the degree of ionization of the material 
evaporated from the filament can be written 

n+/n° = (20) 

where n+/w° is the ratio of positively charged to neutral particles evapo¬ 
rated, F is the Faraday number, W is the work function of the filament 
material, IP is the ionization potential of the material evaporated from 
the filaments, R is the gas constant, T is the absolute temperature, and 
e is the naperian base. This formula applies directly only to the elements, 
but it is qualitatively correct for compounds. It is apparent from eq. 


FILAMENT r-^ 
POWER-*-.^ 
SUPPLY t- 
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ACCELER¬ 
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SUPPLY 




-FILAMENT 
“^GUARD RING 


y 


COLLIMATING SLITS 


T-—-BEAM 

Fig. f). —Sohoinatui diiigram of the hot anode source. With this source the ions are 
formed by evaporation of ions from the surface of the filament. 


(20) that as the ionization potential decreases or the work function 
increases, the degree of ionization goes up. For this reason the filament 
must be made of material with a high work function. Platinum with 
a work function of 6.2 volts is one of the best. However, for materials 
of very low vapor pressures this material cannot be used at sufficiently 
high temperature. For this reason tungsten, with a work function of 
4.52 volts, is more generally usable. Below 1800°C. this material may 
be oxygenated, increasing the work function to a maximum of about 9,2 
volts. 

The hot anode source is very selective in its ionization. For example, 
if a mixture of lanthanum and nickel salts is applied to sxich a filament, 
only the lanthanum will ionize. Thus, the soxirce is adaptable for detect¬ 
ing certain impurities present in very small amounts. It is especially 
advantageous since it does not ionize the background gases. The 
spectrum obtained with this type of source is thus freer of impurities 
than the more generally used electron bombardment source. One recent 
variation of the simple hot anode source is the arrangement worked out 
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by Shaw^^ in which he places the sample to be analyzed in a tungsten 
crucible, which is heated by electron bombardment. 

^mong the elements which can be analyzed with this type of source 
are lithium, sodium, aluminum, potassium, calcium, rubidium, strontium, 
gallium, yttrium, zirconium, ruthenium, rhodium, indium, cesium, 
barium, lanthanum, cerium, praseodymium, neodymium, element 61, 
samarium, europium, gadolinium, terbium, dysprosium, holmium, 
erbium, thulium, ytterbium, lutecium, hafnium, tungsten, and uranium. 

It should be noted that there are also a number of elements which 
evaporate from surfaces as negative ions, however, ionization efficiencies 
are always very low. The fourth type of source listed in Table I is 
simply a variation of the above source. With this source the material to 
be ionized is introduced as a gas rather than placed directly on the 


HIGH FREQUENCY 
SPARK SUPPLY 



POWER SUPPLY 

Fig. 7 .—Schematic diagram of the hot spark source. Ionization is produced in this 
source by maintaining a high frequency spark discharge between the two electrodes. 

filament as a solid. It is very convenient to use when the material to be 
investigated can be put in the gaseous form, since the problem of sample 
introduction is greatly simplified. 

The hot spark ion source was applied to mass spectroscopy by 
Dempster.^® A typical electrode arrangement is shown schematically 
in Fig. 7. With this source an oscillating circuit maintains a spark dis¬ 
charge between a central primary electrode and the edges of a hole in the 
secondary electrode. The primary electrode is either constructed of the 
material to be analyzed or it is a tube packed with the material to be 
analyzed. When the discharge takes place between the electrodes some 
of the primary electrode is vaporized and ionized. The ions formed are 
accelerated and collimated into an ion beam by the collimating slits. 

This spark source is one of the most universal sources now in use. 
It will analyze any element that can be put into a solid form, either as 
the element or as a compound. It is especially valuable for packing 
fraction work as it produces an abundance of multiply charged ions. 
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The major disadvantages of the source are that the ion beam is unstable 
and that the ion beam emanating from the source has a spread in energy 
of the order of 1000 volts. It thus requires a spectrograph or spectrom- 
eter which includes velocity focus or velocity selection in addition to 
mass resolution. 

The electron bombardment source was first used by Dempster. It 
was further developed to its present highly reliable state by Smythe/^ 
Bleakney,®® Tate and Smith,®® and Nier.^^-®^ Ionization in this source 
is produced by electron bombardment of gases. In the mass spectro- 
metric application electron ionizing energies of 75—100 volts are used. 
However, when the source is used for packing fraction work where multi¬ 
ply charged ions are an advantage (see section IV-2) electron energies of 


ION 

ACCELERATING 
POWER SUPPLY 
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INTRODUCING 

SYSTEM 

IONIZATION CHAMBER 
ELECTRON BEAM 
-DRAWING OUT PLATE 


^OLLIMATING 
ION BEAM 


SLOTS 


Fig. 8. —Schematic diagram of the electron bombardment source. Ionization of 
the gas in the ionization chamber is accomplished by bombardment with electrons. 
The electron beam in the figure is directed normal to the page. 


1000 volts are often used. Under these condition heavy mass ion with 
eight charges are obtainable in suflficient quantity to be usable. 

Atypical source of this type is illustrated in Fig. 8. In this particular 
diagram the electron beam is directed across the ionization chamber 
perpendicular to the page. For most applications the electron beam is 
held in alignment with a magnetic field. The ionization chamber is 
constructed with as few and small openings as is compatible with eflficient 
removal of the ions. This gives a high ratio of inside to outside pressure 
so that source efficiencies are high. In the special case of hydrocarbon 
analysis the filament which produces the ionizing electron beam must be 
well isolated from the ionization chamber so that gases cracked by the 
filament do not interfere with the analysis, and so that the temperature 
of the ionization region remains constant. These precautions are not 
necessary in a source used for isotope abundance or packing fractions. 

One important poiht in the operation of this type of source is that the 
efficiency of the source varies as the potential across the source is varied. 
This effect is reduced by maintaining the potential between the ioniza- 
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tion chamber and the drawing out plate constant, but it is by no means 
eliminated. This effect is of such magnitude that absolute isotopic 
abundances determined by varying the ion acceleration voltage are 
noticeably in error. 

Samples are introduced to this source through the hole shown at the 
top of the source. Materials which have appreciable vapor pressures at 
room temperature are admitted to the source through a “gas leak.” 
Materials which are nonvolatile at room temperature, but have con¬ 
siderable vapor pressure below 1500°C. are evaporated into the source 
from a crucible or crucibles places so that a molecular beam of the sample 
crosses the electron beam. Materials of lower vapor pressure such as 
platinum, tungsten, etc., are evaporated from filaments similarly placed. 

This electron bombardment source is the source most used in modern 
mass spectroscopy. It has the advantages of extreme stability, and low 
energy spread. It can thus be used without velocity focusing or selection 
except when packing fractions are to be measured. 

The source utilizing a gaseous discharge in a magnetic field is a high 
current source based on the principle used in the Phillips ion gauge.®® It 
is in actuality, simply a variation of the gas discharge originally used by 
Thomson.®® The source has not been very widely used because of its 
inherent instability. It gives ions of energy ranging to ± lOQ volts from 
the average depending on the particular design. Thus, for most applica¬ 
tions velocity selection or velocity focusing must be used in addition to 
mass resolution. It is also of interest in that it gives ions due to ion 
bombardment of the discharge chamber surfaces. Thus, for example, 
if the discharge chamber is made of copper the ion beam emanating from 
the source will include copper ions. 

The secondary ion source is of interest in the study of surfaces, or in 
the analysis of solid samples. The method of operation is to direct an 
ion beam of some inert gas onto a solid sample; when this ion beam 
strikes the sample, ions characteristic of that surface are formed. 

The arc source is of interest mainly in forming an intense ion beam 
for separation of measurable quantities of isotopes. It has not been 
used for other purposes. 

Sample Handling Systems 

All the discussion of sources has assumed that the intensity of the ion 
beams formed by the source are always characteristic of the sample. 
This is by no means true unless special precautions are taken in the 
introduction of the sample. 

It is impossible in a short article to give a complete discussion of mass 
discrimination effects. However, an outline of some of the problems 



MODERN MASS SPECTROSCOPY 


233 


involved in the introduction of gaseous samples to the mass spectrom¬ 
eter will serve to illustrate the types of problems encountered. 

Knudsen®®-'‘° and later Smoliichowski'*^ derived the equations of flow 
for gases at low pressures through tubes and orifices. The molecular 
flow of gas through cylindrical tubes can be represented approximately by 
the equation: 


Qm = ZSOO(DT^/L)(T/M)i(Pi — Pa) dyne-cm./second (21) 

and the flow through circular openings by: 

Qm — 28Q0 Dt^(T — Pa) dync-ein./second (22) 

where Q„>. is the molecular gas flow through opening in dyne-cm./second, 
Dt is the diameter of opening in centimeters, L is the length of tube in 
centimeters, M is the molecular weight on the scale 0 = 16, Pi is the 
pressure on the high pressure side of opening in dynes/cm.^ and P 2 is the 
pressure on the discharge side of the opening in dynes/cm.=^ 

Theoretically these equations hold as long as the mean free path (X) 
of molecules is large compared with the diameter of the opening (X Dt)^ 
Experimentally it has been found to hold well, providing the mean free 
path is at least twenty times the diameter of the opening. 

For high pressure (X <5C Dt) the gas flow is viscous and follows Pois- 
euille’s law:^^ 

Q, - (7rI>rV256^h)(Fi -hP^)(Pi - Pa) (23) 

where Q„ is the viscous gas flow through the opening in dyne-cm./second, 
and 7] is the viscosity in poises. 

To determine the limits for nonseparative flow it is convenient to 
evaluate the diffusive mixing term. The rate of flow of one component 
is given by the equation: 

<3. = (24) 


where Qi is the net flow of component, D is the diffusion coefficient, ri i 
is the number of molecules/cc., and v is the drift velocity of the gas 
through the tube. 


Obviously, if the term depending on v is much larger than the term 
dependent on Z), the flow through the tube will be nonseparative, i.e., 
there is no fractionation in the sample reservoir due to back diffusion. 


If, however, the term depending on D is comparable to that depending 
on w, back diffusion will take place through the tube and indeterminable 
errors will be introduced. These equations are sufficient for determining 
the characteristics of a gaseous sample introduction system. It now 
remains to set up the requirements for an ideal system and show how 
closely a practical system meets these requirements. 
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The requirements for ideal operation of a leak for introducing gaseous 
samples into a mass spectroscope operating with an electron bombard¬ 
ment source are: 

(1) The composition of the gas mixture in the ionization region of the 
source should be identical with that of the sample. 

(2) The concentration of the mixture being analyzed should not 
change with time. 

(3) In a gas mixture, a change in the amount of one substance should 
not affect the peak height due to the others, i.e., all mixture peaks 
should be linear superpositions of the individual intensities. 

(4) The gas flow should remain essentially constant during the 
analysis. 


ANALYZER 

CHAMBER 



Fia. 9.—Schematic gas flow system used for introduction of gaseous samples into 

a mass spectroscope. 

A typical gas flow arrangement used in mass spectroscopy is shown 
in Fig. 9. With this system the gas to be analyzed is placed in the 
reservoir and allowed to leak through the system. Molecular flow takes 
place from the ionization chamber to the pump, since the mean free paths 
are large compared with the openings, that is, pressures are low through¬ 
out this region. * 

Consider now the molecular flow type of leak, that is, one whose 
diameter is less than one twentieth of a mean free path. In equilibrium 
the gas flow into the ionization region Qiz must equal the flow out Q 23 . 
Since both flows are molecular we have from eq. (22): 

2BeODi,HT/M)HPi - P 2 ) = 2860DnKT/M)HPt ~ P 3 ) (25) 

Making the approximation that P 2 and P 2 ^ Pz- 

Pi = hPt (26) 

where k is a constant determined by the dimension only. This shows 
that the composition of the mixture in the ionization chamber is identical 
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to that in the reservoir. Thus, this leak meets the first requirement of 
leaks. 

The second requirement, however, is not met by the molecular flow 
leak, since the composition of the material in the reservoir changes with 
time. This change in concentration for a binary system is represented 
by the equation Honig^® gives in his discussion of sample introductions 
systems: 

(Pl/Fo)a = (27) 

where (Pi/Po)a is the ratio of final pressure to initial pressure in the 
reservoir for component a, (Pi/Po)6 is the ratio of final to initial pressure 
in the reservoir for component 5, is the molecular weight of component 
a, and Mh is the molecular weight of component h. For example, if a 
sample containing 50% benzene (CeHe) and 50% hydrogen (Ha) is 
allowed to pass through a leak until the benzene pressure in the reservoir 
has dropped by 6%, the composition will change to 42% hydrogen and 
58% benzene. Obviously under these conditions accurate analyses are 
impossible. The method of surmounting this difficulty is to use a 
reservoir of such size, that the change in composition is less than the 
accuracy to which the sample is to be measured. 

The molecular flow leak does satisfy the third requirement in that 
the peaks are superposable. This fact results very simply from analysis 
of the equation of flow, and is apparent also from the fact, that in molec¬ 
ular flow every molecule acts as though no others were present. The 
fourth requirement can be met only approximately, i.e., by using a 
reservoir, and hence a sample of sufficient size so that the change in pres¬ 
sure during the time of analysis is negligible, or by using a constant pres¬ 
sure device on the sample reservoir. 

There is little doubt that the molecular flow leak is the best where 
gas analyses are involved, for example, the relative abundances of 
benzene and hydrogen. It is not necessarily the best when routine 
isotopic comparisons are to be made. 

The second possible leak type is one that works on mass flow prin¬ 
ciples. The condition worked out by Nier^^ for this case is that the flow 
through the tube is sufficiently fast, and the pressure sufficiently high, so 
that back diffusion does not serve to mix that part of the gas that is 
fractionated by molecular flow with that coming from the sample. 
That is, in eq. (24) the velocity term is very large compared to the 
diffusive mixing term. Even though the flow through the leak will be 
governed by mass flow principles, the flow throughout the rest of the 
instrument is molecular. Thus, to a fair approximation the equation for 
the equilibrium flow (Qm — Qss) is: 

(7rDuV266^Z.)(Pi +Ps)(Pi - Pi) - 2860 DiP(r/M)HP» “ P>) (28) 



236 


MA.E,K G. INGHRAM 


Again making the apjproximation that Pi ^ P 2 and P 2 ^ P 3 : 


P 2 = [7rZ>i2V (256) (2860) Z)23W(M/7 ’)JPi2 


or the equation may be written: 



P2 


_ K(M)i 

v(T)i 


(29) 

(30) 


where K is a constant determined by the. dimensions only. This shows 
that the first requirement of leaks is not satisfied, because the pressure of 
the sample in the source is not independent of the molecular weight of 
the material in the sample reservoir. In binary problems the relations 
are quite unpredictable. The second requirement of leaks, however, is 
satisfied by this leak because the composition of the material in the 
reservoir does not change during analysis. The third requirement is not 
satisfied. For example, 1 % of benzene added to a helium sample will 
change the helium peak height by about 50%. There is, however, one 
factor which makes the leak important. It is the fact that the ratio of 
any two peaks is characteristic of the relative composition only. The 
fourth requirement can again be met by using large samples and con¬ 
tainers. In this one respect, the two leaks are similar. 

Thus, the mass flow leak system can be used for normal isotopic 
abundance only if the appropriate square root of the mass correction is 
applied. However, it is probably the better leak for use in routine 
isotopic comparisons, since in this case all that is required is that the 
fractionation holds constant, while the fact that no isotopic composition 
change takes place in the reservoir is more important. For example 
from eq. (27) it is seen that if 10% of a standard sample of HD is allowed 
to leak through a molecular flow leak the ratio of the isotopes in the 
sample would have changed in concentration by 2.4%. This would 
require discarding the standard. However, if a mass flow leak is used 
no such errors are introduced. 

It is possible to make variable leaks of the mass flow type. One such 
leak has been described by Nier, Ney, and Inghram,^^ which, if operated 
at the correct back pressure and leak size, satisfies mass flow requirements. 

In the case of the hot anode source, where the gas is directed at a 
heated filament as a molecular beam, the requirements are just the 
opposite of the case just discussed. In this case, the molecular flow leak 
gives a fractionation factor equal to the square root of the mass ratio, 
while the mass flow leak gives no discrimination. 

If the sample is introduced into a crucible and heated to give a 
molecular beam, which is ionized by electron bombardment, two cor¬ 
rections must be considered'. The first correction arises from the fact 
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that the rate of evaporation is different for molecules of different mass, 
i.e., from equiporation of energy it may be shown that the lighter mass 
molecule moves faster, and hence has a higher probability of escape than 
the slower. The evaporation rate is inversely proportional to the square 
root of the ratio of the masses.^® Thus, the composition of the gas being 
bombarded by electrons is different from that in the crucible, and the 
correction must be applied. It should be noted that this simple factor 
does not hold for light elements such as lithium, nitrogen, etc. There 
is a complicating factor in this simple evaporation assumption. This is 
that the fractionation will take place only if there is perfect mixing of 
molecules at the sample face. If there is no mixing this fractionation 
cannot take place; there is a mass motion from the sample and hence no 
fractionation. It may be assumed that perfect mixing takes place in 
the volatilization of a liquid and that none takes place in the volatiliza¬ 
tion of a solid. This is only approximately true since there is some 
mixing in solids at high temperatures. The second correction to be 
applied to the crucible evaporated samples comes in from the fact that 
the molecules traverse the ionization region at different speeds and are 
condensed on the walls of the chamber at the first collision. This 
introduces another square root of the mass factor, which either counter¬ 
balances the factor obtained from the evaporation effect of liquids, or 
introduces a correction which must be applied to the nonfractionating 
evaporation of a solid. 

The above factors include the most important types of discrimination, 
which occur in the introduction of samples to the mass spectrometer. 
Obviously, only by the careful evaluation of the type of answer that is 
desired can the proper arrangement of leaks be made. 


3. Mass Analyzers 

The various types of analyzers, which may be used for separation of 
an ion beam into its various mass components, can best be illustrated by 
referring to the various mass resolving instruments wdiich have been 
constructed. The most important and instructive of these instruments 
are summarized in Table II. 

The first mass analyzer was designed and constructed by J. J. Thom¬ 
son. With his analyzer the arrangement of fields was such that the 
ion beams of different mass components were separated into different 
parabolas. The principle significance of his method is historical. There 
is no focusing with this type of machine so the lines are not of sufficient 
sharpness to be of practical value in modern mass spectroscopy. 

The first use of the focusing action of magnetic fields was reported by 
Dempster in 1918,^® The arrangement he used was the 180° direction 



Table II, Summary of important mass spectroscopes wliich have been described in scientific periodicals. 
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focusing magnetic analyzer to be discussed in more detail later in this 
section. 

The second mass spectrograph, which produced a focused spectrum 
of the mass components, was the velocity focusing spectrograph of 
Astdn.^® This spectrograph is illustrated schematically in Fig. 10. 
The condition for velocity focus with this apparatus is: 

0 = (31) 

With the position of the detector photographic plate shown, the velocity 
focus equation is met for all parts of the plate. With this apparatus 
there is no direction focusing. This means that the ion beam must be 
defined very closely with the collimating slits Sx and ^ 2 . This is a 
limitation on the Aston type of machine, which was later overcome by 



Fig. 10. —^Aston’s velocity focusing mass spectrograph. With this machine there 
is little direction, focusing so that the ion beam must be defined very closely by the 
slits Si and S2. 


other workers with the double focusing technique. As a result of this 
diflficulty this type of machine, which has a glorious past, is no longer 
used. 

Modern mass spectroscopes can be classified into one of four groups. 
The first is the direction focusing magnetic analyzer; the second is the 
velocity selection-direction focusing analyzer; the third is the double 
focusing analyzer; and the fourth is the velocity selector analyzer. These 
groups are sufficiently distinct to merit separate discussions. 


4 . Direction Focusing Magnetic Analyzers 

Direction focusing magnetic analyzers are the simplest mass analyzers 
used in modern mass spectroscopy. Their value is well illustrated by 
noting the large number of this type of machine listed in Table 11. The 
analyzer consists of a single homogeneous magnetic field with the source 
and collector arranged according to the direction focus eq. (8). Only 
those sources which produce ion beams quite homogeneous in energy, 
see Table I, can be used with these analyzers. 
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One of the simplest types of direction focusing magnetic analyzers, 
is that in which the source slit is at the entrance to the magnetic field and 
the collector at the exit, i.e., dim = d^m = 0. If these values are substi¬ 
tuted in eq. (8) we have: 

Qm — i/m (32) 

or 

0 = nir (33) 

where n is any integer. Thus, direction focusing will take place if the 
ion beam deviates through 180°. This is exactly the case first used by 
Dempster^® in applying direct focusing to ion optics. His apparatus is 
illustrated schematically in Fig. 11. Since that time a large number of 
machines have been constructed which utilized this focusing angle, see 
Table II. 



Fig. 11.—Schematic diagram of the 180° direction focusing mass analyzer used by 

Dempster in 1918. 

More recently, the sector shaped magnetic analyzer has come into 
use. The most common case is the 60° symmetrical analyzer of Nier,^’'-®^ 
illustrated in Fig. 5, and the 90° symmetrical analyzer of Hippie.® The 
condition for focus in the 60° case was computed in section 11-3. The 
condition for the 90° case is computed by substituting 90° for d in eq. (8). 
Thus, the symmetrical object and image lengths are: 

dim d’lm ™ Tfn (34) 

The dispersion along the locus of the line of focus for the 180°, 90°, 
and 60° instruments are, for identical radii of curvature, in the ratio of 
1:1.41:2.0, respectively, as is proved by analysis of eq. (15). However, 
the resolving power of the three symmetrical machines are identical. In 
the 180° case, the dispersion varies along the locus of the focal points 
according to the square of the mass, the 60° case is almost exactly linear, 
and the 90° case falls intermediate. 

From this discussion it is obvious that there is no fundamental 
difference between any of the direction focusing magnetic analyzers. 
Any one of them, if proper care is taken in the details of design and 
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operation, will do equally well any of the jobs required of a direction 
focusing mass analyzer. 

5. Velocity Selection—Direction Focusing Analyzers 

The requirement of the simple direction focus machine, that the 
energy of the ion beam entering the magnetic analyzer be quite homo¬ 
geneous, is removed by the addition of a velocity selector. Such a 
velocity selector picks out a homogeneous beam of ions which is then 
projected into a direction focusing magnetic analyzer. 

It must be emphasized at this 
point that the types of analyzers 
discussed under these separate 
headings are distinct, and that each 
is best for particular types of jobs. 
The succeeding sections in this 
discussion should not be taken to 
mean improvements over earlier 
types. For example, the simple 
direction focus machine can be 
used to measure isotopic abun¬ 
dances but cannot be used for pack¬ 
ing fractions, while the velocity 
selection-direction focusing ana¬ 
lyzer is well suited for measuring 
packing fractions, but is completely 
unusable for accurate measurement of isotopic abundances. 

The addition of velocity filters was undertaken by Bleakney in 
1929^^ and by Bainbridge in 1930.®“ The arrangement is shown sche¬ 
matically in Fig. 12. The velocity selector is the so-called Wien filter, 
•which directs a beam of ion, homogeneous in velocity, into the 180° 
direction focusing mass analyzer. The filter consists of crossed electro¬ 
static and magnetic fields both at right angles to the direction of propaga¬ 
tion of the central ion beam. Slits are placed so that only those ions 
which pass through these fields undeflected are utilized. For this 
trajectory, the forces on the moving ion resulting from interaction with 
the electrostatic and magnetic fields must be equal. The magnetic 
force is: 

Fm = Beiv/c) (35) 

F. = eE (36) 


ION SOURCE 



Fig. 12.—Schematic representation 
of the velocity-selector-direction focusing 
mass analyzer used by Bainbridge. The 
velocity selector is the crossed field Wien 
filter. 


the electrostatic force is: 
equating: 


V = KE/B) 


( 37 ) 
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Thus, this arrangement of fields is velocity sensitive and only those ions 
having the velocity given by this equation get through the filter and 
into the direction focusing magnetic analyser. 

An improved machine of this type, which also attained double focus¬ 
ing, see next section, was designed and constructed by Jordan®® at the 
University of Illinois in 1940. Unfortunately a complete description of 
the apparatus has never been published. It is claimed to have a resolving 
power of one part in 30,000 and an accuracy in the measurement of 
atomic mass of 1 part/million. 

The major disadvantage of this class of machine is that it allows only 
a very narrow range of masses to be studied or, if it uses an ion source 
of large energy spread, it has low efficiency. 



Fio, 13.—Diagram of the Dempster double foctising mass spectrograph. The 
trajectory of an ion beam inhomogeneous in direction and energy, but of a single mass 
is shown. This machine is in exact focus at only one position, r, = 0.848r«i. 

6, Double Focusing Analyzers 

The third major type of mass analyzer is the so-called double focusing 
instrument. This instrument refocuses beams inhomogeneous both in 
velocity and direction. Instruments of this type were under develop¬ 
ment in three independent laboratories simultaneoxisly. The first 
published was the machine of Dempster^® Fig. 13. It consists of a 90° 
direction focusing electrostatic field with du — 1 cm., ~ 5.66 cm*, 
and r« = 8.48 cm.; and a 180° magnetic analyzer = dim ~ 0 of 
mean radius 10 cm. 

Since the central ion beam in this machine enters and leaves the 
analyzer fields at right angles the performance of this machine can be 
explained by direct substitxition in eqs. (8), (11), and (14). 
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If we start by choosing the values — 8.48 cm., die == 1 cm., and 
0 = 90° then substitution in eq, (11) gives d%e — 5.66 cm. Thus, the 
image due to the electrostatic analyzer will be at a perpendicular distance 
of 5.66 cm. from the end of the electrostatic analyzer. Now using this 
as the object point for the magnetic field and choosing dim = 0, and 
0 = 180°, substitution in eq. (8) gives d2m == 0. Thus, a second image 
is formed at the exit to the magnetic field. This machine is, therefore, in 
focus twice from the direction point of view, i.e., at Sz and at the ion 
detection. 

In satisfying the direction focusing conditions for the above com¬ 
bination of fields no restriction has been placed upon r^. Thus, the 
machine is direction focusing for any value of rm- However, the require¬ 
ment of double focusing with this particular arrangement of fields 
restricts to a definite value. Substituting the direction focusing 
conditions, i.e., r« = 8.48 cm., = 90°, — 5.66 cm. (see Fig. 4), dim = 0, 
Q = 180°, and B — 0°, in eq. (14) gives rm = 10 cm. ^ Thus, the Dempster 
90°—180° spectrograph satisfies both the direction focusing, and velocity 
focusing conditions at rm = 10 cm., and hence is double focusing. 

From this explanation, it is seen that almost any combination of 
fields can be made to give double focusing by simply varying any two or 
more parameters simultaneously, and that all are simply particular 
solutions of the general double focusing conditions. 

One simple relation should be pointed out. It is that whenever any 
combination of symmetrical direction focusing fields is used, no matter 
what the angles of deflection, that if Vm = r* then eq. (14) is automati¬ 
cally satisfied. 

When a double focusing mass spectrometer is constructed where the 
ratio of the radii in the two fields is fixed, the above discussion is sufficient. 
However, if a mass spectrograph is constructed in which a complete 
spectrum is recorded on a photographic plate is not fixed and the 
condition for velocity focus is met at only one position on the plate. In 
the Dempster type spectrograph, calculation shows that the locus of the 
velocity focus points lie along the line CD which is at an angle of approxi¬ 
mately 45° to the line AB, the locus of the direction focusing points. It 
turns out that if a slit 2:0 mm. wide is placed at Sz the line width 1 cm. 
away from the point of optimum focus is 0.1 mm. Hence, the double 
focusing condition is good over a usable range. 

The second double focusing mass spectrograph was reported by 
Bainbridge and Jordan in 1936.^® This machine, illustration in Fig. 14, 
combined a 127° 17' direction focusing electrostatic analyzer with a 60° 
direction focusing magnetic analyzer to give double focusing. Solution 
of eq. (11) shows that the only solution for an electrostatic direction 
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focusing angle of 127° 17' is that du = ^2« = 0. The 60° magnetic 
analyzer is the analyzer previously discussed in section II-3 with dm 
— dim — 1.732 Tm. Substitution of these values in eq. (14) gives as the 
final condition for double focusing Te = Vm- Again double focusing is 
accomplished at only one point, i.e., = Tm.. Calculation of the angle 

between the locus of the direction focusing points and the locus of the 
velocity focusing points gives 5°. Thus, the range over which approxi¬ 
mate double focus is obtained is considerably wider than in the Dempster 
machine. Two other observations should be made in comparing these 
two machines. The first is that the 127-60° machine has twice the dis¬ 
persion as measured along the locus of the direction focusing points as 
the 90-180° machines of the same radius, but that it requires only one- 



Fig. 14.—Diagram of the Bainbridge-Jordan double focusing mass spectrograph. 
The trajectory of an ion beam inhomogeneons in direction and energy, but homoge¬ 
neous in mass is shown. This machine is in exact focus at only one position, r, rm- 

third as much field area. The second is that is has an approximately 
linear mass scale while the 180° machine has one which varies as the 
square root of the mass. Thus, for equivalent radii of curvature and 
detector plate size a wider mass range is covered by the 180° machine. 

The third double focusing mass spectrograph to be reported was the 
31° 50' electrostatic field 90° magnetic field machine reported by Mat- 
tauch®^ in 1936 and shown in Fig. 15. This machine is different from 
the two previously described in that the two separate fields are combined 
to give direction focusing. By solution of eq. (11) it will be found that 
if the object distance is re/^2 then the image formed by the electro¬ 
static field is formed at infinity. In other words the ion beam coming 
from the electrostatic field is parallel. Thus, the beam that enters the 
magnetic field acts as though it were coming from a source at infinity, 
dim = 00. Substitution of this value in eq. (8) shows that if dm = 0 
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then 6 — ‘90®. Hence, direction focusing is accomplished only by the 
combination of the two fields. It turns out by analysis of eq. (14) that 
these restrictions are sufiicient to also give velocity focusing, Note 
that no restrictions have been placed on or A, thus the loci of the 
velocity and direction focusing positions fall along the same line, and the 
machine is double focusing for all masses simultaneously, and for any 
value of A. Since is independent of r* it is important to specify some 
condition to determine what order of magnitude Ve should be. Mattauch 
showed that the theoretical resolving power is: 

A.mfm == 2Szfre (38) 

where A,^ is the least distinguishable mass difference at mass m, and 
is the source slit width. Thus, Ve for this machine should be made 

PHOTOGRAPHIC 



Fig. 15.—Diagram of the Mattauch double focusing mass spectrograph. The 
trajectory of an ion beam inhomogeneous in direction and energy, but homogeneous 
in mass is shown. This machine is in focus for all values of rnt and A. 

sufficiently large to give the desired resolution. Again as in the 90-180® 
case the dispersion as measured along the locus of the focal points varies 
as the square root of the mass and contrary to the 90-180® and 127-60° 
cases there is no minimum in the line width because there is no Vm, of 
optimum focus. In the Mattauch case line widths vary directly as the 
square root of the mass. 

This variation in line width along the plate is of extreme importance 
in the determination of line strengths by the photographic method since 
the line widths must be included in the intensity calculations. The effect 
is not simple in the Dempster or Bainbridge machines since it increases 
in both directions from the position of optimum focus. 

Two other double focusing mass spectroscopes have been constructed, 
which use simultaneous fields. The first is the double focusing mass 
spectrometer constructed by Bondy, Johannsen, and Popper®® according 







MODERN MASS SPECTROSCOPY 


247 


to the theory developed earlier by Bartky and Dempster.®® This 
machine is based on the fact that a radial electrostatic field superimposed 
at right angles to a magnetic field gives double focusing at an angle of 
127° 17' if the force due to the magnetic field is twice that due to the 
electrostatic field. No recent important work has been done with this 
type of machine since it suffers from the difficulty of requiring large 
magnets. It can, however, be used for the leak detection mass spectrom¬ 
eter application.®® 

The second simultaneous field double focusing mass spectrograph is 
the trochoidal path machine developed by Bleakney and Hippie.®^ This 
machine gives theoretically better focusing than any of the previously 
discussed machines. It uses a linear electrostatic field at right angles to 
the magnetic field. However, it also requires very large homogeneous 
fields so that it probably will never find wide application. 

7. Velocity Selection Analyzers 

There is only one type of mass analyzer which does not necessarily 
require a magnetic field. The simple theory is as follows: 

Suppose an ion source is used in which the mean energy spread in the 
ion beam is 0.2 volt, and the total energy is 1000 volts. The velocity 
of the ion groups will be given by the equation: 

V = (2eT/m)i (39) 

where v is the velocity in cm./second, V is the voltage through which the 
ion is accelerated in e.s.u., e is the charge on the ion in e.s.u. and m is the 
mass of the particle in grams. 

To consider a specific example, consider the velocities of the two 
isotopes of lithum, mass six and mass seven, as emitted from a hot anode 
source operating at 1000 volts. The velocities of the two isotopes Vq 
and y 7 are then: 

Vo « 1.825 X 10^ ± 0.002 cm./second 

V 7 «=» 1.691 X 10’ ± 0,002 cm./second 

Thus, the velocities in the ion beam fall into two distinct groups and 
can be resolved by a properly designed velocity filter. 

The first machine to use this principle alone was the Wien filter used 
by Oliphant, Shire, and Crowther.®'^ This filter was, however, used 
earlier by Bleakney^® and by Bainbridge®® in conjunction with a direction 
focusing magnetic field. The operation of this filter was described in 
section III-5. There is no focusing action with this type of spectrometer 
so it can be used only for light masses. 

The second machine of this type was suggested by Smythe in 1926 
and constructed by Smythe and Mattauch in 1932. This machine 
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Operates independeatly of any magnetic field. The beam passes suc¬ 
cessively between two condensers of length Si separated by a distance 
S 2 . The same alternating field is applied to both condensers. If the 
frequency of the signal applied to the condensers is w = 2Trn(v/Si), where 
n is any integer, the particle suffers as many upward as downward 
thrusts and the beam leaves the condenser parallel to the incident beam, 
but displaced by an amount determined by the phase of the signal when 
the ion enters the electrostatic field. If now the distance of the second 
condenser is such that the beam travels the distance + /S '2 in an odd 
half cycle, the displacement given by the first condenser will be exactly 
compensated by the second condenser and the beam of velocity v passefcJ 
through the combination undefiected; while the others are deflected away 
from the normal. The machine thus resolves the ions by discriminating 
between the ion velocities. In practice the machine has a number of 
ghost images which makes its results difficult to interpret. These effects 
have been discussed by Hintersberger and Mattauch.®® 

Very recently a machine of this general type has been designed by 
Stephens.In this machine microsecond pulses of ions are used. The 
pulsed beam is allowed to pass down a tube until the ions of different, 
mass are divided into distinct velocity groups. Detection is then accom¬ 
plished by recording the pulses to the final collector with an oscilloscope- 

8. Ion Detection Systems 

It is the ion detector which determines whether any particular 
analyzer is a mass spectrometer or a mass spectrograph. Fig. 16 illus¬ 
trates the type of records obtained with a mass spectrometer, and 
spectrum (a) of Fig. 17 is the record for the same element obtained with a 
mass spectrograph. The element used by Inghram in obtaining thest> 
particular mass spectra is neodymium. The importance of each type of 
recording system is immediately apparent from these figures. The type 
of mass spectrum shown in Fig. 16 is best for measuring the intensitie« 
of the various ion beams while the type in Fig. 17 is best for locating 
accurately the position on the mass scale. 

The various types of detector systems which have been used to detect 
ion beams in mass spectroscopy are summarized in Table III. For mori’^ 
complete details the reader is referred to the machine papers listed iu 
Table II. 

One point should be made in connection with the shape of the peak» 
shown in Fig. 16. In the ideal case the top of the peaks should be flat. 
When this is true possible variations in ion beam shape due to different, 
mutual repulsions for ion beams of different density or other such effectM 
introduce no errors. The condition for obtaining flat peaks is that th<iE 
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width of the collector slit, for example Ss of Fig. 9, be greater than, the 
width of the ion beam as defined by eqs. (17) and (18). A second con¬ 
sideration comes in that determines the maximum slit width which can be 
used. This is the fact that if the collector slit width is equal to the dis- 
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Fig. 17.—Spectra obtained witli a mass apccstrograph (a and b) and by disintegration 
of active deposits on photographic plates (c and d). 


tance between two adjacent peaks, no resolution of the peaks is possible. 
The slit width used in obtaining the curve shown is such that at maxi¬ 
mum intensity more than 98 % of the total beam is collected. 

The first two methods listed in Table III are of historical importance 
only. They depend on the fact that a rapidly moving beam of charged 
ions produces a visible fluorescence. 
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The third method, the technique of allowing tJie ion beam to strike a 
photographic plate, is the method of ion detection now used almost uni¬ 
versally in mass spectrography. In the past special photographic 
emulsions have been used for this purpose, among these are Schuman and 
Ilford Q plates. More recently, the Eastman III-O ultraviolet sensitive 
vacuum spectrograph plate has also come into general use. This plate 
is more rugged than the special Schuman plates and works very satis¬ 
factorily with ion energies of greater than 6000 volts. As a typical 


Tabm III. Ion detector used in mass spectroscopy. 


Original workers 

Refer¬ 

ence 

Type of detector 

Primary use 

Thomson. 

78 

Fluorescence 

Historical 

Dechend and Hammer 

79 

Photo of fluorescence 
Direct photo on velox 
paper 

Historical 

Thomson.. 

80 

Direct photo on plate 

Integrating packing frac¬ 
tion 

Thomson. 

81 

Quadrant electrometer 

Intensity measurement 

Metcalf and Thomson. 

82 

Electrometer tubes 

Intensity measurement 

Smith, Lozier, Smith, 
and Bleakney 

83 

Electrometer tube and 
automatic recording 

Intensity measurement 

Colieii.... 

84 

Electron multiplier 

Dual electronic detector 

Intensity measurement 

Nier, Ney, and 
Inghram 

85, 66 

Intensity measurement 
adaptable to fluctuating 
ion beams 

Forrester and Whalley 

75, 77 

AC ion beam recording 

Rapid panoramic scan¬ 
ning 

Inghram, Hayden, and 
Hess 

86 

Vibrating reed electrom¬ 
eter 

Intensity measurement 


example, 10® ions of 10,000 volts energy and atomic mass 100 striking a 
square millimeter of area produces a good developable image. It must 
be cautioned that the image density decreases strongly with an increase 
in the mass of the ion studied and vise versa. One advantage of the 
photographic recording is that it integrates the ion beam so that require¬ 
ments on ion sources are less strigent. Aston'*’' has discussed the applica¬ 
tion of the photographic method in great detail. 

The first electrical recording of the ion beams was done by Thomson.®^ 
For this work he used a Faraday collector directly behind a defining slit 
and recorded the ion current with a Dolezalek type electrometer. Later 
Bleakney®® replaced the electrostatic electrometer with an electrometer 
tube. 
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Tile use of multiple collectors was first reported by Straus.®® They 
were necessary in his work, since he used the hot spark, and an integration 
of the ion beams was necessary. He measured the ion currents with 
Compton electrometers. A multiple collector system using direct 
coupled DC amplifiers for routine isotope measurement was reported by 
Nier, Ney, and Inghram.®® The schematic diagram of their arrangement 
is shown in Fig. 18. With the dual collector shown at the left of this 
figure one ion beam is collected on the slit plate S, and the second which 
passes through this slit plate is collected on the collector C, These 
plates are surrounded by electron repelling fields of 22.5 volts to repel 
secondary electrons formed by the ion beam back to the collector. In 
alternative designs the secondary electron repellers are left out and 
secondary electron effects eliminated by placing a small magnet about 
the collector. Nier now uses a cup type collector at C to retain second¬ 
ary positive ions formed by the primary beam. With the electronic 
amplifiers shown the ratio of the two ion currents is obtained by adjusting 
the attenuator X to the point where the balance meter G reads 2 iero, when 
this is true the ratio of the two ion currents is given by the equation: 



where X is the fraction of the total output voltage of the feed back 
amplifiers fed back to the electrometer circuit, Ei and jRa are the input 
resistors for currents ii and iz, and G is the gain of the feed back amplifier. 
With such a circuit isotopic comparisons are easily made. The pro¬ 
cedure is as follows. One sample is introduced and the attenuator X 
adjusted to balance. Then if a second sample is introduced which has 
exactly the same isotopic composition no change in balance will be 
observed. If there is a change the difference in the two samples is 
obtained by varying the attenuator to balance. The major advantage of 
this system over other electronic detector systems is that it operates 
independently of fluctuations in ion intensity. 

The recording detector system was first reported by Smith, Lozier, 
Smith, and Bleakney.®® Due to improvements in amplifier systems this 
advancement is now almost universally accepted in mass spectrometry. 

The first use of an electron multiplier in a mass spectrometer was that 
of Cohen.Unfortunately a description of the apparatus he used has 
never been published. In a multiplier used by Inghram and Rustad, the 
meter end of the multiplier was operated at ground potential so that the 
first plate of the multiplier, i.e., the plate corresponding to plate C in 
Fig. 18, was at —4000 volts. This potential is very convenient in the 
mass spectrometer application since it adds to the energy of the ion beam 
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and hence gives a more efficient conversion of ion beam to electron beam. 
The difficulty with the electron multiplier system is that the vacuum in 
the multiplier is not constant, it changes with sample and time, so that 
the requirement of multiplier surfaces stable to many gases is very 
stringent. This type of detector will probably never be used for other 
than research purposes. 

There is one variation of the electron multiplier application, which 
may become valuable in quantitative work. This system uses a fluores¬ 
cent screen to collect the ion beam and a standard photomultiplier tube 
to record the fluorescence produced. 



Fig. 18 . —The dual detector system devised by Nier, Ney, and Inghram for com¬ 
parison of isotopic compositions. The meter shown at G is a null detector. The 
ratio of the ion currents is obtained by adjustment of X to make G read zero. 

A good deal of work has been done in adapting AC detecting sys¬ 
tems,but up to the present time no really quantitative work has been 
reported with pulsating ion beams. 

The most recent advancement in detection systems has been the 
addition of the vibrating reed type of amplifier®® developed by Palevsky, 
Swank, and Grenshik®® in place of the DC amplifiers used previously. 
This system has a DC noise level ten times less than any of the previously 
used amplifiers and essentially no drift with time. 

9. Electronic Components 

It is not important here to discuss the various electronic circuits used 
in conjunction with mass spectroscopes. For example, there are as 
many different methods of controlling the magnetic fields as there are 
investigators in the field of mass spectroscopy. For details of electronic 
components the reader is referred to the references listed in Table II. 
It is sufficient to state that straightforward electronic components are 
available that meet most requirements. 
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IV. Uses op the Mass Spectroscope 
1. Isotope Existence 

The first problem to which the mass spectrograph was applied was 
that of identifying the isotopic composition of the elements. The first 
element shown, by Thomson in 1913, to consist of more than one isotope 
was neon. Since that time 302 isotopes which occur by natural processes 
in terrestrial matter have been identified. This field is now practically 
complete. Only one naturally occurring isotope has been found in the 
last eight years.®® Future work in the field of isotope existence must be 
done with spectrometers of exceedingly high sensitivity and low back¬ 
ground. The existence of several isotopes which might be present in 
sufficient quantities to be detected by the mass spectrometer has been 
summarized in several semiempirical treatments.®®*®^ 

2. Isotopic Abundances 

The second major application of the mass spectroscope was the 
problem of determining the isotopic composition of the elements. Both 
the mass spectrograph and the mass spectrometer are applicable to this 
problem, though the results obtained with the spectrometer are more 
accurate. 

The procedure used in the case of the mass spectrograph is as follows: 
The element under investigation is run in the spectrograph to obtain its 
characteristic line spectrum (see spectrum (a) of Fig. 17). A micro¬ 
photometer is then used to obtain the optical densities of the spectral 
lines. By comparing these optical densities with standard photometric 
density curves, the exposure and hence the isotopic composition of the 
element can be obtained. 

There are a number of important errors inherent in such mass spectro- 
graphic measurement which are not encountered with mass spectrom¬ 
eters. The first arises from the fact that the trajectories of the ion beams 
of different mass are different. Thus, geometrical discriminations enter. 
Closely associated with this error is the fact that in all mass spectrographs 
the line widths of the spectral lines vary along the detector plate. The 
Mattaueh machine has line widths which are proportional to the square 
root of the mass. The Dempster and Ihiinbridge machines have line 
widths which are functions of the distance from the position of optimum 
focus. Thus, in mass spectrographic measurement the widths must be 
taken into account in determining the isotopic abundance. A second 
error encountered with the mass spectrograph results from the fact that 
ions of different mass have different velocities. This introduces errors 
since ions of different velocity do not give the same photographic 
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blackening. A third difficulty comes in due to the fact that the standard 
density curve varies according to whether the standards are printed with 
light, x-rays, or ions of different mass or velocity. The method most 
often used to obtain the standard density curve is the method of using 
line spectra obtained from elements whose isotopic composition is known 
from mass spectrometric measurements. This gives a standard density 
curve by means of which the isotopic composition of the unknown may 
be obtained. This, however, assumes that the previous mass spectro¬ 
metric values are absolute. It is obvious from this discussion that since 
the most reliable spectrographic method uses a mass spectrometrically 
deterrdined value to calibrate, that the latter is accepted as the most 
reliable. As mass spectrometrically determined values for isotopic 
abundances become available they will replace the earlier spectrographic 
values. 

The mass spectrometric measurement has been developed by Demp¬ 
ster, Bleakney,®® Bainbridge,®“ and Nier®"^ to its present high accuracy. 
With this method there are still a large number of uncertainties that 
limit the accuracy. Unless precautions are taken to eliminate as many 
as possible of these errors and to evaluate the others the results obtained 
are unreliable. The important sources of error are: 

(1) Fractionation of the material in the process of introduction into 
the mass spectrometer. 

(2) Fractionation in the ionization process. 

(3) Space charge effects in the ion source. 

(4) Fractionation in the ion source due to magnetic discriminations 
and voltage effects. 

(5) Fractionation if the ion paths are not identical. 

(6) Secondary effects associated with the collection of the ion currents. 

(7) Nonlinearity or polarization of the ion current measuring circuit. 

(8) Variation in the shape of the ion beams. 

The first of these errors have been discussed in section III-2. 

Possible fractionation in the ionization process results if the ioniza¬ 
tion efficiency for the two isotopes is different. The fact that such effects 
are detectable in hydrogen is illustrated by the results of Evans®^ showing 
that the ionization efficiencies of CH4 are different from those of CHsD. 
For this reason the ratio of the hydrogen isotopes in normal material has 
b^en determined by mixtures of separated isotopes. 

The possible discrimination due to space charge has been suggested 
by Bainbridge^® to explain discrepancies in the normal abundances of 
lithium. This possible effect can be minimized if the spectrometer is 
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operated at such low electron and ion currents that space charge effects 
are negligible. 

The systematic discriminations in the ion source due to magnetic 
effects has been dicussed in mathematical detail by Jordan and Cogges- 
hall.94.98 These discriminations can be eliminated by operating the ion 
source with all magnetic fields shielded out. In addition, errors due to 
voltage effects, i.e., the variation in the efficiency of the ion source as the 
potential across it is varied, can be eliminated by holding the accelerating 
voltage constant and bringing the ion beams of different mass to focus on 
the fixed collector by varying the analyzer magnetic field. These two 
conditions automatically fulfill the requirements of making ion trajec- 



Fio. 19. Spectra proving that the mass of the long lived fission isotope of techne¬ 
tium (element 43) is 99. Technetium is the lightest element in the atomic table 
which does not exist in nature. 


tories identical throughout the machine. Most of the recently reported 
values have been obtained using this technique. 

One other important error encountered in mass spectrometer measure¬ 
ment is nonlinearity in the ion detector resistor, (Ri and Rz in Fig. 19). 
In general nonlinearities are proportional to the value of the resistance. 
Measurements on 10^^ ohm resistors yield nonlinearities averaging about 
20% in the range 1 millivolt to 10 volts. Obviously, under such condi¬ 
tions accurate isotopic abundances are impossible. The majority of 
resistors in the range of 10^*^ ohms are linear to better than 0.6%. 

_ It is apparent from this discussion and section III-2 that the deter¬ 
mination of normal isotopic abundances is by no means a simple job. 
It is one thing to measure the peak heights with a mass spectrometer. 
It is quite another matter to say that these values give an absolute 
measurement. 




256 


MABK G. INGSRAM 


3. Packing Fractions 

The third important task to which the mass spectrograph was put 
was that of determining the exact masses of the isotopes. It was thought 
at one time that the masses of all isotopes could be expressed as a multi¬ 
ple of a simple fundamental unit. The works of Aston, Bainbridge, 
Dempster, Bainbridge and Jordan, and Mattauch have proved that this 
is not exactly true, but that each isotope is characterized by a mass defect, 
i.e., difference from an integral mass. These mass defects are charac¬ 
terized by numbers called packing fractions which are defined by the 
equation: 

M — I 

PF = - i X 10« (41) 

where I is the nearest integer to M, and M is the exact mass of the isotope 
under investigation is units of one-sixteenth of the lighest oxygen isotope 
which is defined to be mass 16.0000. 

It is of importance to note that the physical definition of mass is 
different from that used by the chemists. The physicist defines the 
atomic mass unit to be one-sixteenth that of the lightest isotope of 
oxygen, while the chemist defines it as one-sixteenth of the normal 
oxygen, which is about 1.000275 times larger than the physical unit. 
Thus, all atomic weights on the physical scale are larger than those on the 
chemical scale by this factor. The physical definition of mass is more 
accurate, since it is defined in terms of a definite mass, i.e., the mass of 
0^*, while the chemical definition is ambigious in that it defines the mass 
unit in terms of normaT' oxygen. Dole®® has shown that the abundance 
of the heavy isotopes in ‘^normal” oxygen varies by 4%. This means 
that the chemical mass unit varies by 10 parts/million depending on the 
source of the “normal” oxygen. 

Only double focus or velocity focusing spectrographs can be used for 
accurate packing fractions. It has been suggested that a direction focus 
machine might be used for this work.®'^ It must be pointed out that 
the application of a single focus machine to packing fraction is very 
limited. Any determination to which the Frank-Condon®®-®® principle 
applies, i.e., where there is a splitting of a molecule, requires the more 
complicated double focusing instruments. A second factor which makes 
even the double focusing mass spectrometer inaccurate in the problem of 
packing fraction measurement is the fact that in the presence of an ion 
beam there are always surface polarization effects, which make the 
absolute magnitude of the potential applied to accelerate and deflect the 
ion beam uncertain.^®® These effects are appreciable even if pure gold 
surfaces are used. With the mass spectrograph, however, the packing 
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fractions are determined by measuring distances along a photographic 
pilate, and the values obtained are independent of any polarization effects 
in the electrostatic acceleration and analyzer system. For this reason 
packing fractions have been measured only on mass spectrographs. 

There are four different methods which are used for determining 
packing fractions with the mass spectrograph. These are (1) the multi¬ 
ple charge doublet, (2) the molecular doublet, (3) the series shift bracket, 
and (4) the ratio bracket. 

The multiple charge type of doublet is illustrated by Fig. 17 (b) 
obtained by Dempster. The left line of this doublet is produced by the 
triply charged titanium isotope of mass 48. The right hand line is pro¬ 
duced by the singly charged oxygen isotope of mass 16. Referring to 
eq. (16) it is apparent that since the position of the line on the plate 
depends on the ratio of m/e, that if Ti^^ had exactly three times the mass 
of 0^® its triply charged ion would fall directly on top of the 0^® line. The 
fact that it falls below, proves that its mass is less than three times that 
of To determine the mass of Ti^® Dempster assumes that the mass 
difference of the isotopes of Ti are whole numbers. Thus, by measure¬ 
ment of the 47 to 48 and 48 to 49 distances the average dispersion at 
mass 48 is known. Using this dispersion and measuring the doublet 
distance, the mass of the TF® as compared to 0^®, which is defined as 
16.00000 is immediately obtainable. As a typical example assume that 
the intervals 47-48 and 48-49 can be reproduced to 1 part in 200, and 
that the doublet Ti^®-0^® can be measured to 1 part in 20. Under these 
conditions the error in the dispersion owing to the assumption of integral 
mass units is negligible. Flowever, measurement of the doublet distance 
to 1 part in 20 gives the mass of Ti*^ to 1 part in 30,000. This example 
illustrates why the mass spectrograph can be used to give such accurate 
masses. 

An example of molecular type of doublet is the doublet formed by the 
molecule and the atom 0^®. Obviously, if isotopes had integral 

masses these two ions would have exactly the same mass and hence be 
indistinguishable in the mass spectrograph. The fact that they form a 
doublet which looks very similar to the Ti^®-0^® doublet just discussed 
proves that the masses are not integral and measurements of doublet 
separation again gives the mass defects. For this type of doublet the 
dispersion at mass 16 is obtained by taking the average of dispersion in 
the interval 15-16 and 16-17 using the best available masses for the ions 
of mass 15 and 17. 

The series shift method is used whenever the masses to be compared 
form terms in a series whose mass difference is small compared to the 
mass of that series. An example of such a determination is the odd mass. 
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even mass discrepancy in the isotopes of neodymium. The normal 
neodymium spectrum is shown in (a) of Fig. 17. The question as to 
whether the 143 mass is intermediate between 142 and 143 can be 
answered roughly from this spectrum by measurement of the intervals 
142-143, 143-144, and 144-145. The difficulty with this determination 
is that these distances can be reproduced to, for example, only 1 part in 
300. This relatively poor reproduction is due to field inhomogeneities. 
If, however, two exposures are taken with slightly different fields so that 
a second spectrum is formed displaced by approximately one mass unit, 
the accuracy of the measurement of the 142—143, 143—144, and 144-145 
intervals is still 1 part in 300, but these intervals now represent a much 
smaller unit of mass than in the simple spectrum. For example, if the 
second set of lines are moved nine-tenths of a mass unit away from the 
first set, the accuracy of the measurement of the mass difference is 
increased by a factor of 10. This serves to illustrate the value of the 
series shift method. 

The ratio shift method is used where the ratio of two masses to be 
determined can be compared with a known ratio. For example, Aston 
had determined the mass of F^® by this method. In this case doublets 
are formed by shifting the F^^-C 2 ^^ series so that it coincides approxi¬ 
mately with the Again the measurement involves measure¬ 

ment of a small fraction of a mass unit so that results are very accurate. 

Even with the mass spectrograph there are a number of effects which 
must be carefully watched. Among these are such effects as inhomo¬ 
geneities in the fields so that the results are a function of the position at 
which the beam strikes the spectrograph plate. Another is the fact that 
if the ion currents are too strong the photographic plate, which is an 
insulator, takes on a charge. In the case of close doublets the effect can 
increase the apparent distance between the doublet lines. In making 
very heavy deposits for radioisotope mass assignment such effects are 
very detectable. Again it is apparent that only by careful evaluation 
of the type of result that is desired can proper corrections and conditions 
be obtained. 

4- Determination of the Mass of Radioactive Isotopes 

The masses of some of the artificially produced radioactive isotopes 
have been determined by the mass spectroscope. This method is 

usually used when other nuclear reaction data fail. For example the 
rare earth element europium has two naturally occurring isotopes at 
masses 151 and 153. By slow neutron bombardment 9.2-hour and 
6-year activities are induced. The reactions are simple (ny) reactions. 
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Fi om the reaction it is impossible to say whether these activities are due 
to active isotopes of mass 152 or 154 or both. 

There are three different methods of applying the mass spectroscope 
to this problem. They are (1) the separation of active materials into 
their various mass components with a mass spectrograph so that the 
activity can be located among the separated isotopes, (2) the separation 
of stable isotopes which are subsequently activated, and (3) study of the 
normal spectra of activated isotopes to locate abnormahlines. Of these 
methods only the first and third are applicable to fission product isotopes. 
The limits of this type of application can best be illustrated by an explana¬ 
tion of the first of these methods. 

A sample containing the activity in question and an inert material 
to act as mass standard is run in a mass spectrograph to obtain a photo¬ 
graphic plate on which the separated isotopes are deposited. Activities 
with half lives of less than 10 hours are then located in the following way. 
The plate with active deposit is placed on one side of a heavy slit and a 
Geiger countei on the other. By moving the plate across the slit maxima 
in activity are observed at the positions of the active lines. The mass is 

then determined by development of the original plate to show the mass 
standards. 

This technique is best for short half lives, i.e., from 15 minutes to 10 
hours. To obtain definite results the active deposit must have a decay 
rate of greater than 100 disintegrations/minute. This gives a counter 
rate of ^ 10 disintegrations/minute, depending on decay particles and 
energies. 

The second and more spectacular method is to place the plate con¬ 
taining the activity face to face with a second photographic plate. The 
radioactive‘particles emitted by disintegration of the active deposit on 
the first plate will give rise to a developable image on the second plate. 
Development of both plates will then show the mass standards and the 
active lines on the original plate and only the active lines on the second 
or radio autograph plate. An example of this method is shown in 
Fig. 17, spectra (c and d). In this case the original spectrum shows the 
normal lines of neodymium plus two lines due to element 61 at masses 
147 and 149. d.hat these lines are active is proved by the radio auto¬ 
graph shown in spectrum d. To obtain a good developable image on 
the autograph plate about 10^/3 disintegrations/sq. mm. of active deposit 
are required.^ This means that a deposit of 10^ active atoms/sq. mm. 
of a short lived material is sufficient for a mass assignment. This 
method is the most practical method for half lives of from 10 hours to 50 
years. 



260 MARK G. INGHRAM 

The third method completely neglects the fact that the isotopes are 
radioactive. The method is simply to run the material as one would to 
determine the normal isotopic structure, and to determine the mass from 
the primary spectrum obtained. This method requires more material 
than either of the above methods, but is actually more efficient for half 
lives of greater than 50 years than either of the above mentioned methods. 
An example of this method is the determination of the mass of long lived 
fission technetium^® (element 43). This is one of the elements that does 
not exist in nature. The method is illustrated by Fig. 19. Curve (a) 
shows the normal mass spectra in the mass range 98-103 with the peaks 
of doubly charged mercury added to serve as mass standard. Curve (b) 
is the same region plotted after the long lived fission technetium was 
added to the spectrum. The conclusion that the mass of long lived 
technetium is 99 is immediately apparent. 

These methods of mass assignment have been used for over thirty 
active isotopes whose masses were previously unknown. There is still a 
large amount of work to be done in this field. 

5. Neutron Absorption Cross Sections 

Another recent application of the mass spectroscope has been the 
determination of the neutron absorption cross sections of stable iso¬ 
topes.The application^^® is illustrated by the curves shown in 
Fig. 20 . The curve on the left shows the mass spectrum observed for 
normal mercury and the curve on the right shows the spectrum for 
mercury which has been submitted to neutron bombardment in a chain 
reacting pile. Three marked changes are immediately apparent. One 
is that 23% of the mercury isotope of mass 196 has disappeared, the 
second is that 19% of the isotope at mass 199 has disappeared, and the 
third is that the isotope at mass 200 has increased by 14 %. The explana¬ 
tion of the change is as follows. The neutrons (mass 1 ) bombarding the 
mercury sample are absorbed in the mercury isotopes of mass 196 and 
199, changing them to isotopes of mercury with masses 197 and 200. 
Computation will show that the decrease in the peak height at mass 199 
is just equal to the increase at mass 200 , explaining these two changes. 
The mercury isotope at mass 197 is not present because it is radioactive 
and decays to gold. From this curve it is thus apparent that the big 
neutron absorbers in mercury are the isotopes of mass 196 and 199. 

6. Gas Analysis 

One of the most important commercial applications of the mass 
spectrometer is the analysis of gas mixtures.^® For example, the analysis 
of a mixture of isobutane C 4 H 10 and normal butane C 4 Hio is a simple 
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matter with the mass spectrometer, while the same analysis by organic 
chemical methods is tedious. 

The spectra characteristics of normal and isobutane are shown in 
Fig. 21 along with the chemical structure for each. It is immediately 
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Fig. 20.—Mass spectrometer traces of the isotopes of mercury before and after 
bombardment in a chain reacting pile. The decrease in the peaks at mass 196 and 
199 in the bombarded sample is due to the neutron absorption of these isotopes. 

apparent that the ratio of the 57 to 58 peaks is quite different for the 
two compounds. The small peak at mass 59 is due to the presence of the 
isotope. Obviously, if the ratio of the 57 to 58 peaks is between these 
two cases for an unknown butane sample the abundances of the two 
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Fig. 21. —Mass spectra characteristic of normal and isobutanes. 

butanes can be computed by the solution of two simultaneous equations. 
In general, for an n component mixture, n simultaneous equations must 
be solved. This is not difficult, since electronic apparatus has been 
worked out for the rapid analysis of such systems. 
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There are a number of analyses, however, where the calculation is 
much simpler. For example in a mixture of normal butane and pentane 
the series of peaks at mass 72 is due to pentane alone while those at 68 
are due to both pentane and n-butane. In this case, the method of 
solution is to subtract the pentane spectra from the butane peaks. 
The remaining peaks at mass 58 will be due to butane alone. Thus, the 
problem reduces to a simple subtraction. 


Table IV. Typical analysis of a five component hydrocarbon mixture by the mass 

spectrometer.® 



Manometer 

% 

Mass spectrometer 
% 

Difference 

Methane. 

19.1 

19.5 


Ethane.. 

37.7 

38.0 

0.3 

Propane... 

39.6 

39.0 


Isobutane... 

2.1 

2.0 

-0.1 

»i-Butane. 

1.5 

1.5 

0.0 

Methane. 

39.2 

40.1 

0.9 

Ethane.. 

52.3 

51.7 

-0.6 

Propane. 

3.7 

3.2 


Isobutane. 

3.1 

3.2 

0.1 

w-Butane. 

1.7 

1.6 

-0.1 

Methane... 

42.7 

43.5 

0.8 

Ethane. 

0 

0.4 

0.4 

Propane. 

52.6 

51.3 

-1.3 

Isobutane. 

3.0 

3.0 

0.0 

w-butane.. 

1.7 

1.8 



As an example of the use of the mass spectrometer in the analysis of a 
five component mixture Table IV shows the results of Hoover and Wash¬ 
burn for three such mixtures./^ The accuracy of analysis according to 
this table is of the order of 1 %. 

One of. the remarkable advantages of this type of analysis is the time 
required for an analysis. Young^^® has tabulated the average time 
required for routine analysis of 1580 samples. He reports that it takes 
an average of 1.31 man hours/sample for the analysis of three to four 
component mixtures and 1.90 man hours/sample for mixtures containing 
ten to twenty components each. 

There are several machines available commercially designed specifi¬ 
cally for the analysis of gas mixtures. The companies supplying these 
machines are listed in section V of this article. 
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7. Solid Analysis 

The mass spectrograph has recently been applied by Dempster^^® to 
chemical analysis of solid samples, in much the same way that has been 
used since 1910. In chemical analysis it has two marked advantages 
over the optical spectrograph. (1) The mass spectrum characteristic 
of each element is much simpler than the optical spectrum. For example, 
the first order mass spectrum of iron contains only four lines whereas the 
first order optical spectrum contains 959 ‘‘principal’’ lines, (2) the mass 
spectrum has no blind spots as in the case of the optical spectrograph. 
Any element which is present is recorded. The major disadvantage of 
the instrument is that it involves vacuum techniques; however, with the 
advancements in vacuum techniques this is not a serious drawback. The 
electron microscope is a good example of a vacuum instrument which is 
now used routinely in many laboratories. 

Undoubtedly the most universal source available at the present time 
for this work is the vacuum spark source. Typical results obtained by 
Dempster with this source are given in Table V, which gives the minimum 
amount of impurities detected when a 1 mg. sample of uranium was con¬ 
sumed by the vacuum spark. The time required for such an exposure is 
about 20 seconds. 


Table V. Impurities detectable from a 1 mg. sample of uranium. 


Impurity 

Be 

B 

B 

N 

O 

P 

Va 

Mg 

Impurity in parts/million 

0.04 

0.12 

0.8 

0.24 

0.08 

0.09 

0.05 

1 

0.35 


The amount of impurity in a sample is determined exactly as with the 
optical spectrograph, i.e., by photometric measurement of the line 
density. Also as in optical spectrography calibration is accomplished 
by running known standards. 

In general, the sensitivity of the mass spectrograph decreases as the 
mass increases. This is due to the fact that the photographic density 
of an image decreases as the velocity of the ion decreases. However, by 
increasing the exposure time these should be detected equally well. 

In the future this application of the apparatus may develop rapidly, 
especially if machines become available. The time between the develop¬ 
ment of optical spectroscopy and the application to chemical analysis 
was fifty years. Probably within that length of time the use of mass 
spectrographs for solid analysis will be quite commonplace. 

















264 


MAKK G. INGHRAM 


8. Leak Detection 


The mass spectrometer is the most sensitive leak detector known. 

The machines now available commercially are able to detect the presence 
of one leak in the presence of 200,000 other equal leaks. 

The method is illustrated schematically in Fig. 22. As is seen from 
this diagram, the inlet to the mass spectrometer is connected to the 
system under test so that the gas in the spectrometer is characteristic 
of that system. To detect leaks, helium is sprayed externally onto the 
test system. Whenever the helium gas comes in contact with a leak 
it passes through that leak and into the detecting mass spectrometer. 
If the mass spectrometer is set to record the mass 4 ion current, i.e., 
helium, a current will be detected and the presence of a leak indicated. 


SYSTEM 

UNDER 

TEST 



AUXILIARY 

PUMPING 

SYSTEM 


MAIN 

PUMPING 

SYSTEM 


Fia. 22.—Schematic diagram illustrating the application of the mass spectrometer 
to leak detection. As a leak detector, the mass spectrometer can pick out one leak in 
the presence of 200,000 other equal leaks. 


The intensity of the current recorded in the mass spectrometer is a 
measure of the size of the leak. 

In a small system the auxiliary pumping system is not necessary; the 
pumping system of the spectrometer itself is sujfiicient for evacuation. 
However, when large systems, or systems with large leaks are encoun¬ 
tered, auxiliary pumping equipment is necessary to reduce the pressure 
in the system under test to usable values, and to increase the speed of 
response. 

The use of helium is indicated since there is very little helium in the 
atmosphere (about 1 part in 500,000). The method of leak testing 
however, is not limited to helium because hydrogen, xenon, argon, carbon 
dioxide, volatile hydrocarbons, etc., can be used when necessary. 

There are at the present time three commercial models of leak detec¬ 
tors available for laboratory and industrial purposes. All these machines 
are constructed for use of helium probes only. 

9. Other Applications of the Mass Spectrometer 

The above applications are illustrative of the type of problems handled 
by the mass spectroscope. There is not enough time or need in an article 
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such as this to give discussions of each of the many applications which 
have been made. Hence, having illustrated the techniques that are used 
it will be sufficient to list a number of other problems in which the spec¬ 
troscope has provided valuable information. The list below includes a 
number of these applications along with references to recent results 
obtained in these fields. 

(1) Biological and chemical tracers problems 

(2) Free radical phenomena^ 

(3) Age of the earth^^i 

(4) Age of the elements 

(5) Metastable ions^^^ 

(6) Variation of isotopic composition in nature^ 

(7) Gases given off in outgassing processes 

(8) Ionization phenomena and bond strengths®’ 

(9) Isotope equilibrium and separation techniques^^^ 

(10) Kinetic theory application^^®-^^® 

(11) Radioactive half lives^®°~^*^ 

V. Commercially Available Mass Spectrometers 

There are four commercial companies which are now supplying special 
mass spectrometers for industrial and research purposes. These com¬ 
panies are: 

(1) The Consolidated Engineering Corp. 

620 North Lake Avenue 
Pasadena 4, Calif. 

(2) The General Electric Co. 

Schenectady, N. Y. 

(3) Vacuum-Electronic Engineering Co. 

316 37th Street 

Brooklyn, N. Y. 

(4) Process & Instruments 
60 Greenpoint Avenue 
Brooklyn, N. Y. 

Unfortunately there is at the present time no commercially available 
mass spectrograph on the market, 
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L Introduction 

The usefulness of high voltage particle accelerators in nuclear research 
is unquestioned. From the prewar fund of knowledge of nuclear physics 
came the necessary scientific facts and theories which made possible the 
unusually rapid expansion in this field, and which culminated in the 
development of the atomic bomb. To this fund of knowledge particle 
accelerators have contributed no small amount. It is clear that future 
developments in the application of atomic energy to other, peacetime 
problems will require still more fundamental knowledge of the atomic 
nucleus. It has been stated frequently by informed scientists that 
present developments have largely used up the accumulated fund of 
knowledge. An intensive program of research is now needed to stimulate 
and support further applications. 

One of the most significant gaps in our present knowledge is the exact 
nature of nuclear forces, the forces between protons and neutrons which 
bind nuclei and which store atomic energy. Theoretical physicists now 
believe that these forces are associated with the creation and absorption 
of mesons, those particles of mass intermediate between proton and 

* On leave from Massachusetts Institute of Technology. 
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electron, which have been observed until recently only as secondary prod¬ 
ucts of high energy cosmic rays. It seems essential, therefore, to produce 
mesons in the laboratory, so that their properties and interactions with 
nuclei can be studied under controlled conditions. This will require 
particle energies of many hundred million electron volts. So, a new 
field of nuclear research is being mapped out, involving the development 
of machines capable of producing charged particles, both positive and 
negative, having energies hundreds of times greater than those available 
from prewar accelerators. 

Particle accelerators are applications of the most fundamental branch 
of electronics, that which deals with the motions of ions and electrons in 
magnetic and electric fields. The development of accelerators has 
paralleled and sometimes paced progress in the electronics industry. 
The first ion accelerators were simple applications of high direct voltage 
to evacuated discharge tubes; they stimulated the development of high 
voltage x-ray machines. Focusing requirements forced intensive studies 
and improvements in the field of ion and electron optics. Next came 
the magnetic accelerators which employed high frequency electric fields 
to produce multiple accelerations and which had the many advantages 
associated with circular orbits. Certainly this experience was of sig¬ 
nificance in the radar and magnetron developments during the past war. 
Now the accumulated experience in the electronics of high frequencies 
and pulsed circuits is feeding back new techniques and concepts into the 
accelerator design field. Modern particle accelerators are utili 2 iing much 
of this experience and are progressing still farther in adapting the more 
sophisticated implications in the equations of motion. The most 
significant development is a new class of accelerators based upon the 
principle of “phase stability,” which makes it possible to accelerate 
particles synchronously through hundreds of thousands of small accelera¬ 
tions in such a manner that the orbits are stable and intensity is pre¬ 
served. With these accelerators it should ultimately be possible to obtain 
energies in the billion electron volt range. Such machines will be large 
and expensive, and will require far more engineering design and develop¬ 
ment than is available in most academic research laboratories. In this 
development the engineering profession must make major contributions. 
The variety and scope of the engineering problems involved will become 
evident in the discussion to follow. 

The purpose of this paper is to describe the physical principles 
involved in several of-the more important types of electronu clear machines 
and in particular the new phase stable accelerators. It will attempt to 
show the advantages and limitations of the several machines, to estimate 
the energy liihits and extrapolate to some possible future developments. 
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II. Direct Voltage Generators 

The first instrument for acceleration of ions which produced nuclear 
disintegrations^ used a voltage multiplier circuit of condensers and 
rectifiers to obtain a high potential which was applied to an evacuated 
discharge tube. Ions were accelerated through a series of electrodes by 
potentials of up to 700 kilovolts. Later developments of the voltage 
multiplier circuit by the Phillips Lamp Works at Eindhoven have 
extended this technique to over 1 million volts. Several other methods 
of producing direct voltages have also been used. The most successful 
and practical device is the electrostatic generator originated by Van 
de Graaff.^ The modern electrostatic generator®-'* consists of a large 
spherical high voltage terminal supported by insulators inside a pressure 
housing. Charge is sprayed on a moving belt which carries the charge 
to the insulated terminal and raises its potential; ions or electrons are 
accelerated through a long vacuum tube extending from the terminal to 
the grounded base. Insulation breakdown and corona discharge have 
limited this technique at present to around four million volts, but 
developments in progress show promise of somewhat higher potentials. 
It is not within the scope of this article to attempt a detailed description 
of such direct voltage generators. They have been and still are impor¬ 
tant tools for research, particularly where precise control of energy is 
required. In this discussion, however, they are cited only to provide a 
point of contrast for the resonance type accelerators which seem destined 
to be the supervoltage machines of the future. 

III. Resonance Accelerators: The Cyclotron 

Introduction of the concept of multiple accelei’ation of particles by 
an oscillating electric field has made it possible to obtain high energies 
without the necessity of high potentials and the consequent limitations 
of insulation breakdown. The first use of this principle was by Widerfie® 
in 1928. His apparatus was an elementary linear accelerator with two 
tubular electrodes in line on which was impressed an oscillating electric 
field. With this arrangement he was able to accelerate sodium and 
potassium ions to twice the energy available in a single traversal of the 
electric field. The next step was the extension of the concept of multiple 
acceleration to particles moving in circular orbits in a magnetic field, the 
‘‘magnetic resonance accelerator" now known as the “cyclotron." 
This principle was first proposed by Lawrence® in 1930. 

The cyclotron has been the most successful resonance accelerator, and 
the name has become so well known that it is often loosely applied to 
designate any type of particle accelerator. In the cyclotron a uniform 
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magnetic field is used to constrain the ions in circular orbits so as to cause 
them to pass many times through the same set of electrodes in resonance 
with an oscillating electric field. The first practical machine was com¬ 
pleted at the University of California in 1932^ and was the first instru¬ 
ment to accelerate charged particles to 1 Mev (million electron volts) 
energy. Continued development to larger sizes and higher energies has 
culminated in the modern cyclotrons of 10-20 Mev energy which are 
described most completely in a summary article published in 1944.® 
Since this last reference includes a complete bibliography, and a detailed 
discussion of the techniques, only a brief survey of the physical principles 
and limitations will be presented here. 



Fig. 1.— r-Schematic representation of the cyclotron. Ions prodncod at the center 
of a vacuum chamber are accelerated by high frequency electric fields between two 
semicircular, hollow electrodes and bent into circular paths by a unifonn magnetic 
field normal to the plane of the ion orbits. When they reach the periphery they are 
deflected outward by an auxiliary electric field. 

The cyclotron accelerates positive ions many times through the same 
small radio frequency field to energies which are hundreds of times greater 
than the maximum voltages applied to the electrodes. (See Big. 1.) 
Ions are produced between two semicircular hollow electrodes (called 
'^ D's” because of their shape) in the center of a vacuum chamber placed 
between the poles of a large electromagnet. The ions are accelerated 
by the radio frequency field between electrodes into the field-free region 
inside one of these electrodes and are deflected in a circular path by the 
uniform magnetic field so that they return to the diametral gap between 
the electrodes at some later time. For the condition of resonance the 
magnetic field and frequency are adjusted so that the time required for 
an ion to complete a semicircular path in the magnetic field is equal to 
the time for reversal of the radio frequency field. Under these conditions 
the ions find an accelerating field and obtain additional energy each time 
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they cross the gap between electrodes. They travel in wider and wider 
semicircular paths until they reach the periphery of the electrodes, at 
which point they are deflected outward against a target. 

The most useful particles for nuclear disintegrations have been ions 
of light and heavy hydrogen (protons and deuterons) and helium. An 
ion of mass m, charge e, and velocity v moving perpendicular to a mag¬ 
netic field B will experience a force Bev, which is normal to the direction 
of the field and to the direction of motion. This produces motion in a 
circular path of radius r, such that: 


Bev 


mv^ 

T 


or 



eB 

m 


( 1 ) 


The angular velocity of motion of the ions, co, is constant as long as 
e, m and B are constant. This is the well-known relation for circular 
motion in a uniform magnetic field. The frequency of rotation of the 

(O 

ion, fi — is constant and independent of the linear velocity or radius 

of path. In the cyclotron the frequency of the oscillating electric field 
is set equal to this ion rotation frequency: 



1 ^ 
27r m 


B 


( 2 ) 


This can be evaluated for the e/m values characteristic of light ions as: 


Protons: 
Deuterons: 
Alphas (He++): 


/ (Me) = 1.52 jB (kilogauss) 
/ (Me) == 0.7QB (kilogauss) 
/ (Me) = 0.76B (kilogauss) 


An ion traverses the gap between electrodes twice in each revolution 
and acquires an increment of energy on each passage of the gap which is 
given by the radio frequency potential between electrodes at that instant. 
In Fig. 2 this is illustrated on a voltage-time graph. Iona crossing at 
times labelled 1 will gain the maximum energy. Those having other 
phases relative to the oscillating electric field, such as at times 2-6, will 
gain energy at a slower rate and will need to make more revolutions to 
attain the same final energy. Ions can be accelerated during one half 
the cycle, and there will be electric focusing only within the quadrant 
indicated by the points 1, . . . , 5 As long as the magnetic field B 
remains constant, and the energy is small (so that the mass of the ion is 
essentially constant) this resonance will continue, with the particles 
increasing in energy and radius of path. At the peripliery, radius It, the 
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final kinetic energy for an ion of unit charge is given by: 

T = (3) 

2 m 

Evaluating for protons, deuterons, and He+'*" this becomes 

Protons: T (Mev) = 3.12 X 

Deuterons: T (Mev) = 1.56 X 

He+-+: T (Mev) = 3.12 X 10~*B^R^ (due to the double charge) 

where B is in kilogauss and R is in inches (units established by long usage 
in the cyclotron field). 



Fig. 2.— Voltage-tirae graph of the electric potential between the accelerating 
electrodes of a cyclotron. Resonant ions which cross the gap between electrodes at a 
phase 1, 2, . . . or 6 receive the same acceleration on each traversal of the gap. The 
final energy is the sum of the individual increments of energy. 


As the energy and velocity of the ions increase, however, the mass 
increases in a relativistic manner, so that the e/m ratio for the ion is no 
longer a constant. Energy is associated with mass through the well 
known relativistic relations: 

m = mo(l — /3 = - (4) 

c 

E -= mc^ = Eo + T = moc^ -f T (5) 


where mo is the rest mass, E the total energy, Eo the rest energy, and T 
the kinetic energy. So, we can express eq. 2 in relativistic terms as: 


ec^B 

27riEo + T) 


( 6 ) 


When the kinetic energy becomes large enough to be significant relative 
to the rest energy, the frequency of ion rotation will decrease. (The 
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rest energy of a proton is 938 Mev and for the deuteron it is 1876 Mev; 
kinetic energies in excess of about 10 Mev will cause an appreciable change 
in resonant frequency.) As a consequence, the ions take longer to 
traverse a circular path than the fixed period of the oscillating electric 
field, and so they drift in phase until they cross the gap at a time when 
the voltage is zero. Since they are no longer being accelerated, this 
represents a limiting size and energy for the cyclotron. 



Fig. 3. —Focusing magnetic field between magnet poles 
in a cyclotron. Due to the radially decreasing magnetic 
field established by tapered shims in the central region and 
occurring naturally at the edge due to ^‘fringing,” the ions 
in a cyclotron experience magnetic forces which restore 
them to the central plane, resulting in an effective focusing 
of the ions. 

A similar result occurs if the magnetic field decreases with radius; 
the resonant frequency decreases proportionately as shown in eq. (6). 
Such a radially decreasing magnetic field is found to be essential, how¬ 
ever, in order to provide adequate magnetic focusing, and is accomplished 
by shimming’^ the magnetic field. The lines of force produced by a 
radially decreasing field are concave inwards and so produce a vertical 
component of force on ions above or below the median plane, as illustrated 
in Fig. 3. This provides a strong focusing of ions towards the median 
plane. Conversely, a radially increasing magnetic field, which might be 
useful in canceling out the change in frequency due to increasing energy, 

will result in defocusing of the ions and an impractically small beam 
intensity. 
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Ions are produced at the center of the chamber in a small region 
between accelerating electrodes. The highest intensities are realized 
with a discharge tube electron source® using a heated cathode enclosed 
in a metallic cavity into which gas is fed. The several amperes of elec¬ 
trons emitted by such a discharge tube are collimated by the magnetic 
field into a vertical beam crossing between electrodes, where they ionize 
the gas also emerging from the source. The high frequency electric field 
between electrodes pulls the ions out of this region and into spiral paths 
in the median plane. In this early phase, when ion energies are low, the 
electric focusing during accelerations is more important than magnetic 


i 

I 

I 



I 

I 

Fig. 4. —Electric focusing by cyclotron electrodes. Schematic diagram of cyclo¬ 
tron. electrodes with an accelerating electric field indicated. Convergent forces on 
entry are larger than divergent forces on exit, resulting in a net focusing of the ions. 

focusing. This can be illustrated qualitatively by reference to Fig. 4, 
which shows a schematic cross section of the electrodes and the path of 
an ion entering the gap off the median plane. The lines of electric field 
intensity are indicated, showing convergent forces on entering and a 
divergent force on leaving. However, since the ion has a higher velocity 
on leaving the gap, the time spent in the divergent field is shorter. 
Furthermore, if the oscillating electric field is decreasing during the time 
required to cross the gap, the magnitude of the defocusing force is smaller. 
The net result is a strong focussing toward the median plane during the 
quarter-cycle indicated in Fig. 2, for low velocity ions. 

The limiting energy for the cyclotron can be shown to be a function 
of the number of revolutions, or the voltage between electrodes:* 

r,,, ~ 1.8F^ (F in kilovolts, for deuterons) (7) 

The larger cyclotrons^® use high radio frequency power and high electrode 
voltages (100-150 kilovolts from each electrode to ground) to reduce the 
number of revolutions. A careful design of magnetic field is also required. 
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shaped to give the smallest radial decrease compatible with focusing. In 
practice the electrode frequency is set to be slightly less than the initial 
ion frequency, yet greater than the final value. The result is a migration 
in phase, first backward, then forward on the graph of Fig. 1, with a total 
phase migration of less than tt radians. This is illustrated in Fig. 5, where 
the band of ions which are being accelerated is indicated by shading in 
three representative radio frequency cycles, one at the start where maxi¬ 
mum voltages are needed for high ion output from the source, one at an 
intermediate time when the phase shift has reached one extreme, and 
one at the final acceleration when the phase has swung to the other 
extreme. 



oj FIR ST ACCEL . ^ INTERMEDIATE ACCEL . c) FI MAL ACCEL. 

Fig. 5. —Migration of phase of acceleration in the cyclotron. 

(a) First acceleration with ions receiving near maximum acceleration where the 
electric field causes focusing. 

(b) Intermediate acceleration where the phase has shifted to the extreme limit 
for acceleration and focusing is provided by the magnetic field. 

(c) Final acceleration at the other extreme of phase shift. 

Present 60-inch pole face diameter cyclotrons (200-tons weight) have 
achieved over 20 Mev deiiterons by taking advantage of such techniques. 
It seems probable that 30 Mev represents a practical upper limit for 
fixed frequency cyclotrons. Using He++ ions the available energy is 
doubled, due to the double charge, and He++ ions have been produced 
with energies up to 40 Mev. Targets placed between the electrodes 
(“probe’' targets) near the periphery will be bombarded with the total 
resonant ion currents; probe currents as large as 1 milliampere of 12 Mev 
deuterons have been observed. The emergent beam deflected out of the 
chamber is divergent and usually has only 20-30% the intensity of the 
internal beam. Physical experiments with the high energy ions and 
volatile targets require such an emergent beam and a great deal of effort 
has been expended to perfect the technique and increase intensity. The 
greatest reported emergent beam is 420 microamperes of 12 Mev deu¬ 
terons at St. Louis. Over 30 cyclotrons have been built in this country 
and abroad, so that by now a cyclotron is considered standard equipment 
for a well-equipped nuclear laboratory. 
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IV. Induction Accelerators: The Betatron 

The cyclotron principle is not adaptable to the acceleration of elec¬ 
trons because of the rapid onset of the relativistic limit. The instrument 
which has been most successful for electrons is the induction accelerator 
or betatron’^ proposed by Wideroe® in 1928, first operated successfully 
by Kerst“ in 1939, and further developed at the research laboratories of 
the General Electric Co.^^ and the Allis-Chalmers Manufacturing Co. 



Fig. 6.— Betatron. Electrons are accelerated by induction due to changing central 
field Be and travel in a circular orbit in the guide field Br* 

The betatron is a transformer in which a cloud of free electrons, 
ocat^ inside a doughnut-shaped vacuum chamber, takes the place of the 
secondary winding. The electrons move in a circular orbit of constant 
radius within the vacuum chamber as illustrated in Fig. 6. They gain 
orblf^ uiduction, by virtue of a changing magnetic flux # linking the 

e induced voltage/turn is -^y as for a transformer, and the electric 
field (voltage/unit length) is given by: 

1 
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The force on the electron is eS, and following the general law of motion 
can be expressed as rate of change of momentum: 


A 

dt 


(mv) 


= eS 


e d# 
27rr dt 


( 9 ) 


To maintain motion in a circular orbit of constant radius r, the magnetic 
field B at the orbit must increase as electron energy increases. By 
rearrangement of terms in eq. (1), we obtain: 

mv = erB (10) 

So: 

d f s _ dB / •» 'i \ 

(U) 

The condition for inductive acceleration at constant radius comes from 
equating the rate of change of momentum terms in eqs. (9) and (11): 

§ = = ( 12 ) 

The betatron relation derived above says that in any increment of 
time the linking flux # must change at a rate twice that which would occur 
if the central magnetic field were uniform and equal to the field at the 
orbit. The “2:1 rule” holds for relativistic energies as well as in the 
nonrelativistic range, since it was derived by treating the momentum mv 
as a single variable. This flux relation requires a central iron core with 
high flux density inside the orbit. Since the induced voltage is deter¬ 
mined by the rate of change of flux, the iron core is laminated as in a 
transformer, and alternating power at 60 or 180 cycles is used to produce 
the changing magnetic field. A time plot of an acceleration cycle is 
illustrated in Fig. 7 for 60-cycle repetition rate. 

Electrons are injected into the vacuum chamber from a “gun” in 
which thermionic electrons from a hot cathode are accelerated and focused 
by a potential of several kilovolts. The slit is located at the oxiter rim of 
the vacuum chamber and directs the electrons into their first circular 
path. Due to the oscillations set up about the equilibrium orbit a small 
fraction of the injected electrons miss the walls of the chamber and the 
back of the gun on subsequent revolutions and are captured in stable 
betatron orbits. The injection is timed so that the magnetic field at the 
orbit is correct for the injection energy. 

During the first quarter-cycle, as the magnetic field builds up from 
zero, the electrons are accelerated through hundred of thousands of 
revolutions, gaining only a few hundred volts per turn by induction. To 
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prevent deceleration during the succeeding quarter-cycle, the electrons 
are deliberately thrown out of position as they approach peak energy by 
means of an auxiliary coil which distorts the magnetic field vso that the 
electron orbit is shifted radially or axially to strike a targcd;. This pro¬ 
duces a beam of x-rays from the target which is sharply <u)llimated in the 
direction of the impinging electrons. The x-rays, having a continuous 
spectrum with maximum energy equal to the elecitron energy, emerge 
from the tube through the vacxium wall, where tliey are available for 
experiments. 

Oscillations of the electrons about the theoretical or “equilibrium^^ 
orbit will occur if the electrons are displaced from this orbit. These 



Fig. 7. Betatron acceleration cycle. Electrons are acn^elerated during the 
first quarter-cycle where the central field B® and the guide field arc increaaing 
proportionately. 

oscillations will be of two types: vertical and radial. Stable oscillations 
will result if restoring forces exist which oppose a deviation from the 
equilibrium orbit. For vertical deviations there must be vertical restor¬ 
ing forces, and for radial displacements, radial restoring forces. Devia¬ 
tions of the ions from the median plane can be limited and cont.rolh‘<l by 
a “focusing” magnetic field, as illustrated in Fig. 3. Tu provide stieli 
focusing the field near the orbit must decrease with increasing radius, iis 
in the cyclotron, usually accomplished by tapering the gap lad,ween 
magnet poles. The degree of tapering affects the radial oscillatitms, 
w ich will be stable if the field does not decrease with radius more rapi<ily 
than 1/r. A complete analysis of these betatron oscillations showing the 
effect of magnetic field tapering and the way such oscillations are damped 
by the increasing magnetic field has been published.The oscillations 
will be considered in more detail in a later section. 

A considerable saving in weight of iron is obtained with D.C.-biasing 
oi the central, accelerating magnetic field. Additional exciting coils 
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powered by D.C. are used to bias the central field so that it goes from a 
large negative to a large positive value during the time in which the 
deflecting field at the orbit goes from zero to its final value. This comes 
from the relation of eq. (12) which requires only a proper positive value 

of ^ (<E>), not necessarily a positive The principle is illustrated in 

Fig. 8. In this manner the particles are accelerated by a larger total 
change in and (for the same weight of iron) to a higher energy. 

Power to drive the transformerlike magnet can be kept to a minimum 
by resonating the inductance with a condenser bank at the desired fre¬ 
quency. In this way circulating power to supply the large amount of 
stored energy in the magnetic field can be obtained with a relatively 
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Fig. 8.—Biased betatron accelerating cycle. A D.C. bias applied to the central field 
increases the magnitude of the flux change and results in higher electron energy. 

small power input. The power absorbed will be just that dissipated in 
heat losses in the copper windings, the iron core, and the condensers. 

Betatrons of several sizes have been constructed and operated. The 
original Kerst machines produced electrons of 2.3 and 20 Mev. The 
largest in operation is the 100 Mev macliine at the General Electric 
Research Laboratory.The largest now planned is being designed by 
Kerst at the University of Illinois, and is expected to reach 300 Mev, 

V. Principles of Acceleration to High Energies 

The brief descriptions aliove of direct voltage accelerators, the 
cyclotron, and the betatron are sujfflcient to show the status of accelerator 
design before the war. These machines had been developed essentially 
up to their energy ceilings. They are relatively simple applications of 
the equations of motion and do not utilize fully all of the possibilities. 
As an introduction to the several new types of accelerators, which have 
promise of much higher energies, it seems proper to present and analyze 
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the equations of motion of charged particles, and to describe the prop¬ 
erties of motion which lead to phase stability. 

1. Relativistic Equations oj Motion 

The same fundamental equations of motion apply to all accelerators 
and to all charged particles, and must be expressed in relativistic terms. 
Only two fundamentally different geometrical arrangements are possible: 
that for motion in a straight line and that for circular motion in a mag¬ 
netic field. The equation of motion for linear acceleration can be 
expressed simply as: 

^ {mx) = 2 -Ffe 0 ■ (16) 


Here m is the relativistic mass and the SF term represents a complicated 
function of position and time which describes the total electrical accel¬ 
erating force in the direction of motion. In the modern linear accelerator 
this usually involves multiple electrode structures and electric fields 
arranged to synchronize in time with the motion of the particles. The 
elementary equation above does not describe the transverse forces which 
are important for focusing. A solution to this linear equation can 
usually be obtained if the SF term can be expressed analytically. Such 
a solution will show the special conditions of frequency and phase of the 
electric field which will result in acceleration. 

The betatron, synchrotron, cyclotron, frequency modulated cyclotron, 
and frequency modulated synchrotron all use magnetic fields to produce 
motion in a circle and the dynamical equations of motion are fundamen¬ 
tally identical. For circular motion in an axially symmetric magnetic 
field, with external torques applied about the axis of symmetry, cylindri¬ 
cal coordinates give the simplest formulation of the equations of motion. 
Neglecting second order terms, these can be written in the form: 


£ 

dt 


£ 

dt 


( 


mr^B 


£ 

dt 


(mf) 

= mrd^ — er^Bg 

(17a) 


__ dw dL 

(17b) 


~ dd do 

(jnz) 

II 

(17c) 


In the above equations m.k.s. rationalized units are used: 
m is the relativistic mass of the particle; 

Bz and Br are the vertical (axial) and radial components of the mag¬ 
netic field at the orbit. The 'time rate of change of magnetic field will 

' dBr dBz 


be slow, so that curl B — 0 and 


dz 


in the region of the orbit. 


dr 
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$ is the magnetic flux linking a circular orbit of radius r; 

'^0 is the external electrical torque about the axis of symmetry where 

Iw is the work done by this torque during a displacement dd; 

is the decelerating torque associated with energy radiated by the 

^article due to its motion in a circular path. These equations apply 
iirectly for electrons, and can be adapted to positively charged particles 
)y changing the sign of e. 

Completely general solutions to these equations of motion would be 
mnecessarily complicated and of questionable value. Specific solutions 
or the special cases representing individual machines are of more practi- 
!al interest. For example, the relation derived for the cyclotron as 
sq. (1) for motion in a circular path at constant radius, comes directly 
rom eq. (17a) by inserting the condition; r = 0; 


V __ eBg 

r m 


(18) 


Orbit radius R for a given kinetic energy and magnetic field can be 
(btained by use of the well known relativistic relation; 


c 


(19) 


jubstituting in eq. (18) we obtain: 


mv _ __ [T{T + 2Ed)]^ 

eB " ceir " ^ceB 


( 20 ) 


^or T and Eq in Mev units and B in webers/m.(units of 10,000 gauss) 
his becomes: 


R (meters) «= 


1 X 10-^ 
ZB 


[T{T + 2Eq)Y‘ 


(20a) 


?his relation is plotted in Fig. 9 for electrons, protons, deuterons, and 
Ipha particles of energies up to 10^° electron volts and for magnetic fields 
p to 10 webers/m. 2 (To use the chart pick a maximum energy T on the 
orizontal coordinate, find the BR for the particle involved on the left 
and ordinate, follow this BR value to the intersection with the chosen 
alue of B and read the radius R on the upper scale.) In Table I a few 
ypical values are listed to show the dimentional requirements of mag- 
etic accelerators. Note the approach to a linear relation between 
^dius and energy for relativistic energies where T::^ Eq. Note also the 
onverging dimensions for electron and proton accelerators at very high 
aergies. 
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Table I. Orbit radius in meters at 1 weber/m.® (10,000 gauss). 



The kinetic energy of the particles in terms of orbit radius and mag¬ 
netic field comes from a rearrangement of eq. (19): 

H- 2TE, = (20) 

This is in the form of a quadratic in T, but can be read off the plot of 
Fig. 9 by reversing the above procedure. 



KlNEJ!C_ENEf56Y 

MEV; 

Fig. 9. —Energy vs. radius in a magnetic field. For a particle energy in Mev on 
the lower scale find the corresponding BR on the vertical scale using the appropriate 
particle curve. Follow this value of BR to the desired magnetic field in webers/m. 
and read orbit radius in meters on the upper scale. 

Ion rotation frequency, fi = requires another rearrangement of 
eq. (18): 

f = 

’ 2xm 27r(j&o + T) 


( 21 ) 
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or, in terms of radius: 



W^e will make use of this relation later when considering the frequencies 
required for the several accelerators. The resonance frequency for the 
acceleration of particles of different energies is plotted in Fig. 10. (To 
use this chart start with the energy T and find the value of the quantity 


F(mc) 

10 ' 10 * 10 ’ m* 



JSiNpiC EN^RQY 
MEV. 


Fig. lO.—Energy vs. frequency at known orbit radius. For the chosen particle 

and an energy value given on the lower scale find the appropriate value of jS = — 

on the vertical scale. Follow this value of jQ to the intersection with the orbit radius 
in meters and find the frequency in Me on the upper scale. 


ojR 

C 


for the particle concerned on the left hand 


ordinate, then follow this 


value to the intersection with the chosen radius and read the resulting 
linear frequency on the upper scale.) Note the linear dependence of 
fi, 0 ) and /?. 

Eqs. (17a) and (17c) show the variations in the radial and axial 


coordinates. Present ‘^good” 


magnet designs are symmetrical about 


the median plane and are arranged to have radial components of mag¬ 
netic held Br off this plane which result in focusing in the 2 coordinate. 


Such focusing forces will restore the particles to the orbit and will set up 
oscillations about the true orbit. Qualitatively the field should decrease 




















286 


M. STANLEY LIVINGSTON 


with increasing radius, as illustrated in Fig. 3. Quantitatively, the rate 
of change of B with radius should be so adjusted that the radial and 
vertical oscillations are stable and their amplitudes are small. The 
index n which is used to define this shaping of the field near the orbit is 
given by: 



(23) 


where J5o is the field at the orbit position ro and B is the field at a slightly 
different radius r. By differentiation we obtain: 


n 


L. 

B dr 


(24) 


A radially decreasing magnetic field having any positive value of n will 
provide stability for vertical (z) oscillations and the amplitude will 
decrease with increasing values of n. Radial oscillations will be stable if 
the field does not decrease with radius more rapidly than 1/r or in other 
terms, for n < 1. To understand this, note that the magnetic force is 
equal to the “centripetal force” at the equilibrium radius, or in terms 
of eq. (17a): 

er&Bg = (at equilibrium radius) (25) 


If the particle is to be restored to the equilibrium orbit when displaced 
radially, the magnetic force should be larger than the centripetal force 
for larger radii, and for smaller radii the converse should hold. It can be 
shown^^ that this is true if the value of n does not exceed unity. So, the 
range of values for stability of both radial and vertical oscillations is: 
0 < n < 1. The magnetic field index n is one of the fundamental 
parameters in the design of accelerators and will recur in the discussions 
to follow of the several types. 

The frequency of the oscillations is found to be a simple function of n, 
given by: 

03z — Vw CO (26a) 

cor = \/l—nco ( 26 b) 

Here co is the particle rotation frequency and co, and cor are the frequencies 
of the vertical and radial oscillations respectively. A simple visualiza¬ 
tion of the free oscillations will help to justify these conclusions. Con¬ 
sider, for example, a particle of energy T in a uniform magnetic field B 
such that the true orbit radius is R. Consider, furthermore, that this 
particle is displaced outward to a position R ^ x. It will describe a 
circle of radius R, crossing the true orbit twice/revolution and having a 
radial position R — xe^t the far side of the orbit, which represents a radial 
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oscillation of frequency w and amplitude x. Since n == 0 for a uniform 
field this is in agreement with eq. (26b). Under the same conditions a 
particle displaced from the median plane vertically (say by -\-z) will 
rotate in an orbit parallel to the median plane and never cross it, I'epre- 
senting an oscillation frequency co* = 0 as indicated in eq. (26a). For 
other allowed values of n the oscillation frequencies will be smaller than 
CO, but still of the same order of magnitude. At = 0.5, for example, 
o)g = cor = 0.707CO. These free oscillations are also known as betatron 
oscillations; it was through the prediction of these oscillations and utiliza¬ 
tion of the resultant focusing that Kerst was able to make a practical 
betatron from the qualitative ideas of Wideroe. 

For large values of n (near unity) the radial component of magnetic 
field Br is large, the focusing effect on the vertical oscillations is a maxi¬ 
mum, and the vertical amplitudes are small. On the other hand, the 
field decreases considerably with radius so the radial excursions will be 
large. For small values of n (near zero) the reverse is true; radial oscilla¬ 
tion amplitudes will be a minimum and vertical amplitudes a maximum. 
The oscillation amplitudes are equal for n = 0.5. Oscillation amplitudes 
will also vary with the intensity of the magnetic field, decreasing as the 
field (and particle energy) increases: 

A ^ Bg-i (27) 

This damping will result in the particles being focused tightly around the 
true orbit at high energies, a useful practical result. 

A qualitative interpretation of the energy relations will help to show 
the significance of the several terms in eq. (17b). For example, total 
particle energy can be obtained by multiplying eqs. (17a), (17b), and 
(17c), by f, d, and i respectively, and adding. We obtain: 

dt + de dej dt 

In this form the total linear kinetic energy mv^, is shown to depend on 
three energy terms: 

Firstly, the flux # enclosed within an orbit of radius r is given by: 

$ = 2t r rB^r (29) 

Time rate of change of flux, d^/dt, determines the induced voltage applied 
to the particles. This is the well known transformer principle responsible 
for acceleration of electrons in the betatron. The ^'2:1” rule comes 
directly from the first two terms of eq. (17b) by neglecting the two right 
hand terms. Induction can be neglected for the cyclotron where is 
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constant, but must be included in the calculations for any machine in 
which magnetic field varies with time, such as the synchrotron. 

Secondly, the electrical torque dw/dO is usually applied by means of 
one or more accelerating gaps between high frequency electrodes, as in 
the cyclotron. However, the number of particle revolutions is generally 
so large (the order of 10^ to 10®), and the fractional increase in energy/ 
revolution so small, that we can treat the acceleration process juiiabati- 
cally and describe the torque in terms of an azimuthally uniform acceler¬ 
ating torque which varies slowly with time. So electrical tortpie can l)e 
expressed as: 

dw Ve .tytw 


where V is the potential difference traversed/pcr turn I)y the particle of 
charge e. 

Thirdly, the radiation loss term dL/dO depends upon the radial 
acceleration of the particle. Blewett^® has derived a rtdalion for tlie 
energy radiated per revolution: 


AL 


Air 

~ZR 




This factor is significant only for electrons with energies above about 
200 Mev. The rapid increase of radiation loss with energy spoils the 
betatron balance and will require excessive electrical accelerations in the 
synchrotron. It may well be the energy limiting factor in magnetio 
electron accelerators, but due to the much larger rest energy of protons 
it can be neglected for proton accelerators. 

So we see that particles in a magnetic machine can be aecehn-ated 
either by “betatron” induction or by externally applied electric fields. 
With induction acceleration there is no critical fre<iuency involved, l)ufc 
external electric accelerating fields must be oscillatory in characf.cn*, and 
adjusted in frequency to synchronize with the rotational frecpiency of f,he 
charged particles. If the particles are electrons with energies al)ov<^ a 
few Mev, the velocity is essentially equal to the velocity of light and the 
frequency essentially constant, as shown by eq. 22 and Fig. 10. The 
much heavier protons will undergo continuous relativistic changes in 
mass and so the frequency will vary widely in the energy region Ijetween 
about 10 Mev and 10 Bev. 

We will leave the equations of motion at this point with these qualita¬ 
tive interpretations, which are sufficient, however, to point out the basic 
requirements of superenergy accelerators. 
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2. Principles of Phase Stability 

Multiple accelerations will be necessary to achieve superenergies 
without exceeding the voltage/acceleration set by the practical limits of 
insulation and power in machine construction. In resonance-type 
accelerators the primary problem is that of keeping the particles in step 
with the accelerating electric field for a very large number of accelerations. 
In the cyclotron resonance is maintained only so long as the natural fre¬ 
quency of rotation of ions is constant, and breaks down when this fre¬ 
quency begins to decrease owing to the relativistic increase in mass as 
ions reach high energies. The number of accelerations is limited to only 
a few hundred, and becomes smaller as maximum energy increases. In 
the linear accelerator a similar limit exists, set by the precision of the 
applied frequency in matching the precut electrode spacings. 

A new impetus was given to the design of high energy accelerators 
with the announcement in 1945 by McMillanand (independently) by 
Veksler^"^ of the principle of phase stable orbits in magnetic resonance 
accelerators. Proposals were made for machines utilizing this principle, 
and the name “synchrotron’’ was suggested by McMillan. This 
principle, in brief, involves the concept of stable circulating orbits for 
charged particles moving in a cyclotron-type accelerator, in which the 
particles increase in energy as a result of a slow variation of the magnetic 
field, of the frequency of the accelerating electric field, or of both. An 
immediate application was to the 184-incb. Berkeley cyclotron which was 
arranged as a phase stable accelerator by applying a modulated fre¬ 
quency to the electrodes.^* The success of this “synchro-cyclotron” or 
“frequency modulated'cyclotron” has afforded convincing proof of the 
validity of the concept of stable, synchronous orbits for light positive ions 
in a cyclotron. Shortly after, two electron synchrotrons^®-^® were suc¬ 
cessfully operated in which the magnetic field was the variable and the 
frequency was constant, again demonstrating the validity of the method. 
Now several electron synchrotrons and synchro-cyclotrons for energies 
up to 300 Mev are iinder construction, and designs have been proposed 
for even higher energies. 

The phase stability inherent in the synchrotron can best be understood 
by a qualitative physical description of the motion of the charged 
particles. Consider, for example, the “stationary” orbits possible for a 
particle moving in a circular path in a uniform magnetic field, on each 
revolution crossing a gap between accelerating electrodes on which is 
applied an oscillating electric field with a frequency identical with the 
frequency of rotation of the particle. As a start consider those particles 
which cross the gap at instants of time when the oscillating electric field 
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is crossing zero (zero phase). This is illustrated by the points labeled 
0, 27r, 47r, etc. on the voltage-time graph of the electric field of Fig. 11. 
These particles will neither gain nor lose energy and will continue to 
rotate at constant frequency and in the same orbit. Now to see that this 
orbit is stationary, consider a particle which crosses the gap at an earlier 
time (positive phase) such as at fi. It will gain energy, will rotate at a 
slightly lower frequency as shown by eq. (21), and will take a somewhat 
longer time to return to the gap, as illustrated by points tz, h, etc. in 
subsequent accelerations, when the voltage across the gap is smaller. 
Eventually the particle will cross the gap at zero phase, but with an 
accumulated excess of energy so that it will continue the phase shift into 
the decelerating part of the cycle. Now the situation is reversed and the 



Fig. 11 . ^Phase focusing in a s3nichronous magnetic accelerator. Particles cross¬ 
ing the accelerating gap at phases marked 0, 27 r, 47r, are not accelerated and continue 
m resonance. Particles crossing at a time ti receive extra energy, increase in fre¬ 
quency, and arrive at the gap at times is, where they receive less energy. Con¬ 
tinuation of this process results in phase oscillations around zero phase. 


particle loses energy; its frequency increases and it is returned to the zero 
phase position again. This represents a phase oscillation about the 
equilibrium phase, $ = 0. Note that the alternate situation at = x, 
3x, etc. will result in instability. 

The particle considered above will traverse orbits of different radius 
as the energy varies, in accordance with eq. 20. As long as the particle 
energy exceeds the equilibrium energy it will travel in orbits of larger 
radius and conversely it will make smaller circles for energies below 
the normal value. This ‘‘breathing'’ motion of the orbit represents a 
radial oscillation associated with the phase oscillation described above, 
and in addition to any radial free oscillation. 

Now let us consider particles which have initial energies differing 
slightly from the equilibrium energy. Such particles will be travelling in 
orbits which are larger or smaller than the equilibrium orbit and so will 
have rotational frequencies which differ from the applied electric field. 
By an argument similar to that above it can be show that these particles 
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will also oscillate about the equilibrium energy and the equilibrium radius, 
with the oscillations slightly displaced in phase from those illustrated 
in Fig. 11. 

When a small change is made in the magnetic field, or the applied 
electric frequency, the particles will temporarily experience a phase shift, 
and will adjust themselves to the new condition by gaining or losing 
sufficient energy to re-establish equilibrium conditions. Furthermore^ 
if either the frequency is decreased, or the magnetic field is increased slowly 
and continuously, the particles will follow this change and gain energy at a 
steady rate determined by the rate of frequency or magnetic field modulation. 
From these two alternatives come the applications known as the syn¬ 
chrotron and the synchro-cyclotron. The average energy gained per 
acceleration under these conditions determines an equilibrium phase 



on voltage-time plot of accelerating electrode, (b) Pendulum with constant torque 
analogue of phase oscillations, showing the equilibrium displacement and the region 
of stable oscillations to ^2. 

about which the phase oscillations are centered. This is illustrated in 
Fig. 12a in which the phase amplitude is shown as extending between 
arbitrary limits #1 and ^2 of stable oscillations. In the extreme case 
a particle will migrate in phase between these limits, making several 
hundred revolutions to complete the phase oscillation. Particles which 
deviate less from equilibrium conditions will perform oscillations of 
smaller amplitude and with slightly different phase oscillation frequencies. 

Several authors of papers on the theory of the synchrotron have 
pointed out the analogy of these phase oscillations to the motion of a 
physical pendulum to which a constant torque is applied. The equations 
of motions are identical if the angular displacement of the pendulum is 
substituted for the phase angle in the synchrotron. In Figure 12b such 
a pendulum is presented schematically so that the similarity of the 
motion to that of the phase oscillations can be visualized. The pendulum 
has a region of stable oscillations about the equilibrium position 
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extending from tt — 2$^ at one extreme to — (x — 2^c) at the other. If 
the amplitude exceeds this limit the pendulum will cease to oscillate and 
will spin continuously in one direction. With the synchrotron the 
particle which exceeds the limits will gain or lose too much energy for 
stability and so will spiral inward or outward until it hits the walls of the 
synchrotron chamber. 

Another visualization of phase oscillations is illustrated in Fig. 13. 
Here the oscillations in energy of a particle are portrayed as a function of 
time, with the equilibrium energy Te increasing slowly. This can be 
interpreted as a potential energy diagram with stable potential valleys in 



Fig. 13. Energy oscillations in a synchronous accelerator. Ions are trapped in a 
potential valley and oscillate as indicated by the dots representing consecutive revolu¬ 
tions, limited by the phase *i. The pattern progresses upward along a line represent¬ 
ing the average increase in energy with time. 

which particles are trapped. The dots represent consecutive positions 
of a particle which is oscillating within this potential valley. The limit 
of phase oscillation appears here as the peak of a potential hill, d>i. As 
the oscillations progress, the pattern will progress upward and to the right 
along a line which represents the average energy increase, carrying the 
trapped particles to higher energies. If a particle crosses over the rim 
of one trough, it will be lost from synchronism. 

The discussion so far has shown that the synchrotron orbits are stable 
but has not described the focusing in the vertical or axial coordinate, nor 
has it demonstrated any damping of the amplitude of phase oscillations, 

both of which are essential to the practical success of the synchrotron 
principle. 

To obtain focussing in the z coordinate the magnetic field must 
decrease slightly with increasing radius, exactly as described earlier for 
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the betatron. Radial free oscillations will also be present, superimposed 
on the low frequency radial synchrotron oscillations. For stability of 
the free oscillations the magnetic index must be in the range: 0 < n < 1. 
Damping will occur as the restoring forces increase in magnitude, if the 
magnetic field increases with time; with constant magnetic field the 
amplitude will remain constant. Synchrotron phase oscillations will not 
only be damped by an increasing magnetic field, but also by other 
parameters. Theoretical studies show that the rate of damping can be 
affected by the time rate of change of frequency or by the rate of change 
of potential across the accelerating gap. For example, an increasing 
peak voltage relative to the average voltage/turn (see Fig. 12) will 
increase the rate of change of potential while the particle is crossing the 
gap, and will cause a strong damping of phase oscillations. The condi¬ 
tions for phase oscillation damping are somewhat different for the differ¬ 
ent types of accelerators, and will be discussed in more detail for the 
specific machines. 

Let us recapitulate by describing the expected shape of the bunch of 
particles in a phase stable orbit of a synchrotron. First, they will be 
distributed in phase about the equilibrium value, with a large initial 
phase amplitude or phase acceptance angle which depends primarily on 
the ratio of peak voltage to the required average voltage/turn, and will 
be damped slowly to smaller amplitude. This represents a distribution 
in time of crossing the accelerating gap, or an azimuthal distribution in 
angular position around the orbit. Next is the spread in radial location 
due to the associated oscillation around the equilibrium energy. The 
initial radial oscillation amplitude will be limited by the initial phase 
acceptance angle which defines the energy spread and by parameters 
such as the n value, and will be rapidly damped into a narrow band con¬ 
centrated about the e(|uilibrium orbit of the instant. This elongated 
bunch of resonant particles will rotate at the frequency of the applied 
electric field. The particle envelope is illustrated in Fig. 14 for a time 
near the start of the modulation cycle when energy is low and oscillations 
are large. Such phase and radial oscillations will have frequencies hun¬ 
dreds of times smaller than the particle rotation frequency. 

Superimposed on the slow synchrotron oscillations will be the high 
frequency free oscillations identical with those in the betatron. These, 
are due to spatial deviations from the smoother orbits described above, 
such as would result from a radial location incompatible with the energy 
and magnetic field. The force which causes these oscillations about the 
true orbit is due to the focusing properties of the radially decreasing 
magnetic field near the orbit. As the magnetic field increases the ampli¬ 
tude of the oscillations is diminished. The frequencies of these free 
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oscillations are smaller than, but of the same order of magnitude as, the 
rotation frequency. So these high frequency oscillations will be added 
to the smoother synchrotron orbits; this is illustrated qualitatively 
(but not to scale) by the scallops shown about the periphery of the 
particle envelope in Fig. 14. These add to the radial width of the 
envelope and establish the vertical dimension. Finally, this “sausage” 
shaped envelope will be damped to much smaller dimensions as particle 
energy increases, ultimately acquiring a long narrow shape, which depends 
in detail on design parameters of the synchrotron such as the magnetic 
index n and the ratio of peak voltage to average voltage/acceleration on 
the gap. 


radial oscillation 



Fig. 14, Schematic illustration of phase and radial oscillations in the synchrotron 
and the superimposed “free” or betatron oscillations, shown as an envelope of ion 
paths located in the accelerating chamber. 

VI. The Synchroteon 

The synchrotron accelerates electrons around an orbit of essentially 
constant radius and so requires only a narrow annular magnetic field 
such as can be produced by a ring-shaped magnet. It is this economy of 
magnet weight that provides the primary advantage over the betatron 
which needs in addition a large central flux core, or the cyclotron which 
uses a solid core magnet. Electrons are “injected” into this orbit at low 
energy and low magnetic field. An accelerating high frequency electric 
field is located at one point on the orbit and supplied by an external power 
source. The magnetic field is modulated in time at relatively low fre¬ 
quency (60 cycles/second). As the magnetic field increases the electrons 
are bunched and focused by phase oscillations so that they acquire 
energy at the proper rate to maintain an orbit of constant radius. On 
reaching maximum energy they are deflected against a target as in the 
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betatron, in a short pulse. The cyclical operation of the magnet results 
in a corresponding pulse repetition frequency of 60 cycles/second. 

A great deal of study has gone into the theory of synchrotron oscilla¬ 
tions. Following the original articles by McMillan^® and Veksler, 
theoretical studies have been published by Dennison and Berlin,Bohm 
and Foldy,22 and Frank^s which extend the analysis into the detailed 
dynamics of motion. All these studies are in basic agreement, varying 
only in the type of approximations used in the calculations and in the 
emphasis placed on the several aspects of the motion. They all find the 
same conditions for oscillation stability and for damping of oscilla¬ 
tions. The theoretical understanding of the synchrotron seems to be 
adequate. 

The distinguishing feature of the electron synchrotron is the essen¬ 
tially constant frequency of ion rotation above about 2 Mev energy, and 
the opportunity to use a fixed frequency accelerating field. Most designs 
use a high Q resonant circuit at one point in the “doughnut’’ vacuum 
chamber, such as a tuned cavity resonator. The basic frequency is 
determined by the angular velocity of electrons of velocity c. At 1 
meter radius, for example, the frequency is: 

It should be noted that harmonic frequencies will also produce resonance, 
such as 96 Me in the example above. In this case the ions will be accel¬ 
erated in two bunches instead of a single one, and each bunch will be 
correspondingly shorter. 

The magnetic field index n must be in the range, 0 < n < 1, as in the 
betatron. Most designers use a large value of n (.5 < n < 1) so that 
vertical oscillation amplitudes are less than the radial amplitudes; a 
choice of n == t is common. At high energies, where radiation losses 
become significant, it has been shown that a value of n = f leads to a 
pronounced antidamping, so this represents an upper limit. The spatial 
region between poles in which the magnetic field index is within these 
limits defines the useful aperture for electrons. Detailed model experi¬ 
ments, to determine the best tapering and shaping of pole faces to give 
the largest region of uniform n-values, have been an essential feature of 
all design studies. Several ingenious devices have been suggested to 
increase the aperture at the start of the cycle, when the greatest ampli¬ 
tudes occur. One of these is to add “lips” of high permeability ferro¬ 
magnetic material at the edges of the gap to widen the aperture at low 
fields; these lips saturate at high inductions and so allow the fields to 
concentrate in the central region. 
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To power the magnet large alternating currents are needed at 60 cycle 
frequency. The most satisfactory method of supplying these currents is 
to resonate the inductance of the magnet with a capacitor bank. In this 
way the average power demand is reduced to the amount needed to supply 
heat losses in the copper and iron. In the General Electric Co. design^o 
the condenser bank has a capacity of 16 microfarads rated for 21,000 
volts; the power rating is 3000 kilovolt-amperes at 60 cycles. 

Most synchrotrons use a “betatron start” to accelerate electrons by 
induction from about 50 kilovolts injection energy to about 2 Mev. At 



JEcrjoN 

Fig. 15 .--Electron. synchrotron. This sketch illustrates a ring magnet formed of 
C sections with internal flux bars to provide flux for a betatron start. 

the General Electric Co. and the University of California this is done 
with a magnet similar to the betatron magnets, which has an internal flux 
core and a combined external magnetic return path. In the designs of 
The Massachusetts Institute of Technology and at some other labora¬ 
tories a large number of “C” shaped magnet sections with individual 
external return paths are mounted around a circular orbit and the 
betatron flux is carried by “flux bars” of modest dimensions made of high 
permeability metal which are located inside the orbit. These flux bars 
short the magnetic field at low inductions but become saturated at 
high inductions. In Fig. 15 a sketch of this ring magnet synchrotron is 
shown to illustrate the principle of the machine and the saving in magnet 
iron possible with the synchrotron. Such magnets must be laminated 
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to reduce eddy current losses, and the design includes auxiliary clamps 
and mechanical structures which are omitted from the sketch for clarity. 

The transition from betatron to synchrotron action must be made in 
such a way that the electrons ‘Tock-in” to synchronism with the oscilla¬ 
tory electric field. In the betatron region the particles are uniformly 
distributed around the orbit and are moving with an angular frequency 
CO given by eq. 18. If the betatron relation is obeyed they have essen¬ 
tially uniform energies and move at constant radius, except as perturbed 
by the radial and vertical oscillations. After the transition to synchro¬ 
tron motion the electrons will be bunched in phase and azimuth about 



Fig. 16.—Acceleration cycle for a synchrotron with l)ctatron start, showing 60 cycle 
gnide field 11^ and the saturating field in the flux bars B*,. 

the equilibrium phase, at the driving frequency wi (correct only for elec¬ 
trons of velocity c), and will be performing wide oscillations in energy and 
radius until damped by increasing energy and magnetic field. The 
“slip” frequency (cji — w) must be small for “locking-in” to occur, and 
must be reduced to zero in a relatively short time, the order of a few 
hundred revolutions. This can be visualized as the transition from 
rotary to oscillatory motion in the pendulum motion described in sec¬ 
tion Yb. Theory predicts^** and experimental results show that this 
transition does take place smoothly and that a large fraction of the elec¬ 
trons in the betatron orbits are captured in synchrotron orbits. 

The time cycle for acceleration is illustrated in Fig. 16, in which the 
guiding field at the orbit Br is produced by 60 cycle alternating current, 
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and the field in the flux bars Be rises to a maximum in the short interval 
labeled betatron accelerationand then holds this saturation value 
until the excitation is reversed. The total stored energy in the flux bars 
is small because of the small cross sectional area, even though the field in 
the bars is high. Flux biasing schemes such as have been used in the 
betatron are also possible in the betatron phase of the synchrotron, but 
are not required to reach the 2 Mev transition energy and so are not used. 

It is possible, of course, to use synchrotron acceleration from the 
start, in which case orbit radius can be kept constant by modulating the 
frequency of the electric field during the early part of the accelerating 
cycle. This type of synchrotron is being constructed at the University 
of Michigan.With an injection energy of 500 kilovolts the frequency 
modulation is about 14 %, to be obtained by use of a broad band oscilla¬ 
tor-amplifier and a low Q resonant cavity. This design also proposes a 
“race-track” orbit in which the circular magnet is separated into sectors 
(four quadrants in the final design) with straight sections of vacuum 
chamber between sectors. One of the straight sections is used for the 
resonant cavity, another for injection of the 500 kilovolt ions. Theoreti¬ 
cal studies^® of the effect of such magnetic inhomogeneities on ion oscilla¬ 
tions show that harmful resonances can be controlled and stability 
preserved with a minimum of two gaps, and that it improves with the 
number of gaps. The net effect is an increase in aperture requirements 
linearly proportional to the additional circumferential length of ion path. 

Electron intensities in the synchrotron are small compared with 
cyclotron ion intensities; they are also very difl&cult to measure or com¬ 
pute. The average x-ray output from a probe target is the most reliable 
measure of intensity, and in the General Electric Co. machine is 40 
roentgens/minute (at 1 meter) in the center of the x-ray beam. The 
efficiency of x-ray production at these high energies is not known with 
certainty, but estimates indicate average electron beam currents of the 
order of 2 X 10"“* microamperes. The duty cycle can be observed and 
consists of a sequence of short pulses at the resonant frequency extending 
over a time interval of a few microseconds, and repeated 60 times/second. 
It may be possible to deflect an emergent beam of electrons out of the 
synchrotron. This has been done with the Illinois betatron by using a 
magnetic “peeler” to weaken the magnetic field in a short sector near the 
periphery. Other suggestions involve pulsing of disturbing field coils to 
set up excessive radial oscillations and “slosh” the electrons out of their 
stable orbits. One of the most useful features of the synchrotron (or 
betatron) is the opportunity of timing the ejection of electrons so that 
ejection energies can be controlled. Such a continuously variable 
maximum energy is of great value in physical experiments. 
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The radio-frequency cavity used for acceleration has taken several 
forms in the different design groups. The most popular is a quarter- 
wave concentric resonator of oval cross section which is shortened phy¬ 
sically by using a solid dielectric such as glass or ceramic, and which 
forms one section of the vacuum wall. In Figure 17a, a typical quarter- 
wave cavity resonator is shown, with an external feed connecting capaci- 



QUARTER WAVE RESONATOR 



''C'’ ELECTRODE 

Fig. 17. Synchrotron, radio frequency accelerating electrodes: (a) Quarter-wave, 
dielectric filled, concentric cavity resonator (b) “ C’’-electrode structure which 
provides two accelerations/revolution. 

tatively to the internal conductor. The thin metallic conducting walls 
are electroplated on the surfaces of the dielectric tube and scribed or 
etched further to reduce eddy current losses. Another type of accelerator 
is the ‘‘C” electrode (equivalent to the in a cyclotron), illustrated 
in Figure 17b, with dimensions such that it can be driven at the resonant 
frequency. The electrons are accelerated on enteidng and also on leaving 
the electrode. 

The synchrotron is subject to the same ultimate energy limitation 
as the betatron, due to radiation loss. However, it is possible to add more 
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energy per turn to the electrons with the high frequency accelerating 
electric field of the synchrotron than by betatron induction, and so th< 
limit will be at somewhat higher energies. If necessary, several accel 
erating gaps could be used to increase the energy/turn. However, eq 
31 shows an extremely rapid increase in radiation loss proportional to th< 
4th power of the energy. The maximum energy is reached when th< 
radiation loss/turn equals the maximum practical value of acceleratior 
energy/turn. Increasing the radius by lowering the magnetic field car 
raise this upper limit slightly but will become excessively expensive 
Estimates of the maximum practical energy are of the order of 1000 Mev 

VII. The Synchro-cyclotron 

The energy limitation of the normal, fixed frequency cyclotron car 
be removed and the ions accelerated indefinitely if the applied frequency 
is varied to match exactly the ion rotation frequency. It was found thai 
this limitation was due to the ■ relativistic increase of mass with energy; 
and the consequent reduction of ion frequency, causing the ions to gc 
out of resonance with the applied electric field. We have also showr 
that the phase-stable orbits in a cyclotron will follow a slow change in 
frequency and acquire the correct energy to preserve resonance. IJ 
frequency is varied cyclically, a short bunch of ions will be accelerated 
to high energy in each frequency sweep, resulting in a sequence of such 
bunches occurring at the modulation frequency. This reduced effective 
duty cycle results in a lower average ion output than in the conventional 
cyclotron, but avoids the energy limitation due to a fixed frequency. The 
primary problem of design for a frequency modulated cyclotron is that ol 
increasing the duty cycle. 

The use of frequency modulation as a remedy for the relativistic 
limitations of the cyclotron was first suggested by McMillan^® as one oi 
the possible applications of the principle of phase stable synchronous 
orbits. It was obvious that this method would result in much highei 
energies than otherwise possible with the 184-inch magnet at the Uni¬ 
versity of California. This magnet had been assembled and used foi 
experimental purposes in the Manhattan District during the war, buf 
not completed as a cyclotron. The first test of the principle, however, 
was made on the older 37-inch cyclotron magnet^® by an ingenious method 
of simulating the expected relativistic mass change with an exaggerated 
radial decrease in the magnetic field. An 18 % modulation in freciuency 
was required to match ion frequencies in this tapered magnetic field, and 
very small voltages were applied to the accelerating electrode. The 
success of this model experiment justified a modification of the larger 
cyclotron to utilize this principle. On completion the 184-inch machine 
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was immediately successful and is now in operation, producing 200 Mev 
deuterons or 400 Mev He++ ions.^® The relative simplicity of operation 
as a synchro-cyclotron has impressed all observers with the practicality 
of this principle. Currently there are six or eight frequency modulated 
cyclotrons under construction in this country and several others abroad. 

The principal feature of the synchro-cyclotron is the solid core magnet 
required by the continuously expanding orbit (in the constant magnetic 
field) as energy increases. The relative dimensions of a cyclotron magnet 
will change only by small factors for different sizes so that the weight of 
iron (the cost-determinant) will increase almost with the cube of the 
radius. This rapid increase of cost with energy is the chief limitation on 
the practical energy. To illustrate this point Table II shows rough 
estimates of dimensions and magnet weight for several values of proton 
energy at an assumed magnetic field of 16 kilogauss at the maximum ion 
radius. 


Table II, Cyclotron dimensions at 16 kg. 


Px’oton energy 
(Mev) 

Orbit radius (m) 

Pole diameter (ft.) 

Magnet weight 
(tons) 


0.93 

7 

300 


1.68 

12 



2.54 

18 

5,000 


3.55 

24 

12,000 


5.83 

40 

54,000 


The weight of the iron is offset by the relatively simple design and struc¬ 
ture of such a D.C. magnet. Cheap iron can be used in the form of thick 
plates or forgings, exciting coils are simple, even though heavy, and 
power requirements are not excessive if a sufficient amount of conductor 
is used in the coils. 

The principle of phase stability operates at optimum effectiveness in 
the synchro-cyclotron. The theory of oscillations in phase and radius 
follows closely the theory for the synchrotron, except that in this case 
the radial oscillations occur about a reference orbit of slowly increasing 
radius. The same description of motion holds that was used in inter¬ 
preting Figs. 11 and 12. The energy gain/turn depends on the rate of 
change of frequency with time. As the ions accelerate, the rotation fre¬ 
quency changes according to eq. 22, and as illustrated in the chart of 
Fig. 10. To achieve a constant equilibrium phase #«, so that the energy 
gain/turn is constant, requires a nonlinear time variation of frequency. 
However, this is not essential and a linear frequency-time relation will 
also result in stable orbits; in this case the phase and the average 
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energy gain/turn will change with time. As long as the peak voltage on 
the electrode is adequate (2 or 3 times the average value), no special care 
is needed in shaping the frequency-time curve. 

The unusual design problem set by the wide range of frequency 
modulation has been solved by the use of mechanically rotated condensers 
to resonate with the inductive electrode structure. At Berkeley this 
condenser consists of a multitoothed disk rotating in vacuum between 
stator disks of similar shape, located at the outer end of the inductive 
electrode supports. Electrically this forms a half-wave resonant circuit 
with the fixed electrode capacity at one end and the variable condenser 
at the other end. It is used as the load circuit of a self-excited power 
oscillator, coupled inductively at a point near the node. The relatively 
high Q circuit and low voltages needed keep the power requirements at a 
reasonable value. The necessary amplitude of frequency modulation is 
achieved by close spacing of the teeth in the vacuum condenser. 

The rate of frequency modulation determines the magnitude of the 
radio frequency voltage needed. To illustrate take a numerical example 
of protons being accelerated to 200 Mev in a magnetic field of, say, 16 
kilogauss. The initial frequency of rotation (Fig. 10) is 24 Me and at 
200 Mev it is 20 Me; the reciprocal frequency or time/revolution is 
(average) 4.5 X 10~® seconds. Now consider a modulation frequency 
of 100 cycles/second and assume that the required frequency sweep from 
24 to 20 Me occurs in a quarter of the cycle. So the total time of accelera¬ 
tion is = .0025 second and the number of turns is 55,000. To acquire 
200 Mev, the average energy gain/turn would have to be 3600 ev. Under 
optimum conditions, using the theoretical frequency-time function which 
gives a uniform energy gain/turn, only a slight excess would be needed 
to maintain resonance; with two accelerations/turn (entering and leaving 
the electrode) a peak potential of less than 2000 volts would suflSce. 
However, to allow for deviations from optimum conditions, 2 or 3 times 
this voltage might be required in practice. A faster modulation fre¬ 
quency would raise the voltage requirements proportionately and con¬ 
versely a slow cycle would reduce them. In Fig. 18 a time plot of 
frequency variation is shown to illustrate the acceleration interval, using 
the numerical illustration above to provide the scale. 

The Berkeley 184-inch cyclotron can be used to illustrate many 
special features in the design. Fig. 19 is a schematic drawing of this 
machine. The walls of the vacuum chamber are in the form of a square 
with many removable ports on the sides. Top and bottom plates have 
circular holes which are sealed to the pole tips so that atmospheric pres¬ 
sure is supported by the magnet frame. The single large electrode is 
supported by heavy insulators at the vacuum wall; the rotating con- 



PARTICLE ACCELERATORS 


303 


denser is in a separate vacuum chamber at the ends of the electrode 
supports. Ions are produced by a discharge tube source similar to that 
of a conventional cyclotron, mounted at the center of the chamber and 



Fig. 18.—Frequency modulation cycle in a synchro-cyclotron. The numbers 
represent proton acceleration to 200 Mev in a 16 Idlogauss magnetic field with a 
modulation frequency of 100 cycles/second. 



Fig. 19.—Berkeley 184-Inch synchro-cyclotron. Showing single radio frequency 
electrode with frequency modulating condensers at outer end of the electrode supports, 
ion source and the electrostatic and magnetic deflectors for the emergent beam. 

equipped with vacuum gates for ready replacement of filaments. Probe 
targets can be inserted from the side to any radial position by means of a 
sliding vacuum seal. Both electrostatic and magnetic deflecting units 
are provided to guide the emergent beam. An ion path is shown in the 
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illustration, badly distorted to indicate only a few turns, although in 
practice the ions make about fifty thousand revolutions. 

The magnetic field must be slightly tapered to provide vertical 
focusing for the ions. This tapering is not extreme; about 5% decrease 
in 8 feet of radius is sufficient. Nevertheless, this requires an additional 
5% of frequency modulation to maintain resonaiuie. Vertical oscillation 
amplitudes observed at Berkeley are about ±0.5 incli amplitude with 
such a focusing field. This was observed on probes inserted from the 
edge and located at various radii. Near the periphery, wliere the field 
starts to decrease more rapidly, the vertical oscillations first decrease 
and then suddenly increase in amplitude and the ion beam impinges 
against the edges of the electrode and is lost. This “blowing-up’^ of 
the beam was found to correspond with the point where the magnetio 
index n — 0.2, for which the radial oscillation is a first harmonic of the 
vertical oscillation. From eqs. (26a) and (2()b) we find: 

^ _ 2 
's/ n ^ 

Under these conditions there is sufficient coupling between these two 
modes of oscillation to allow energy to transfer from the radial mode to 
the vertical mode. This phenomenon must be avoided in order to pull 
an emergent beam out of the cyclotron. The radius at wlrich n reaches 
the value 0.2 is a limiting radius for acceleration and any deflecting sys¬ 
tem must be located inside this radius. Due to the fringing fields this 
point is well inside the pole face, at approximately half the gap width In 
from the edge. This radius and the value of magnetic field at this radius 
determine the maximum energy available from a magnet. As flux is 
increased toward the saturation limit the radial location of the % = 0.2 
position moves inward. So the product BR approaches an asymptotic 
limit as magnet power is increased. It is not correct to assume a con¬ 
stant maximum radius with increasing field. 

To appreciate the problem of deflecting the beam out of the chamber 
consider again the physical shape of the envelope of resonant ions. This 
envelope will have a considerable radial width (estimated as 5 to 10 cm. 
in the Berkeley machine) associated with the radial synchronous oscilla¬ 
tions plus free oscillations, an angular spread over a phase angle (possibly 
7r/2 radians) and a vertical height of 2 to 3 cm. Individual ions will be 
migrating rapidly inside this envelope due to the free oscillations, and 
pulsating radially at the much lower phase oscillation frec|uency. The 
spacing between successive turns of a single ion is small, too small to use a 
septum or beam-splitter” such as is used in the conventional cyclotron. 



PARTICLE ACCELERATORS 


305 


The technique which has been successful at Berkeley is to use an open 
<ieflecting electrode structure consistiag of four bars electrically con¬ 
nected ia pairs. The inner pair is spaced vertically to allow the ion 
Bunch to pass between them; the outer pair is similarly spaced and 
parallels the first pair at larger radius. High voltage pulses of short 
duration (.2 microsecond) are applied, positive on one pair, negative on 
the other, when the bunch of ions is between the bars, to give a strong 
radial electric field. The effect of this disturbing field is to set up a large 
amplitude radial oscillation so that oa the next turn the ions are dis¬ 
placed outward by several inches. The electric field is more effective 
■when the force on the ions is inward than the reverse. The sadden 
expansion of oscillations forces the ions to cross the n = 0.2 region 
rapidly, in a single revolution or less, so that the coupling with the 
vertical oscillations does not have time to act, and no vertical defocusing 
occurs. To complete the deflection a short magnetic shield is used, 
located at the extreme outward location of the shock oscillations. Ions 
traveling a few feet in the reduced magnetic field of this shield spiral out¬ 
ward rapidly and emerge through the vacuum chanaber wall. Approxi¬ 
mately 1 % of the resonant ion beam can be thus deflected outside the 
chamber, providing a valuable alternative to the probe targets for many 
types of experiments. 

The Berkeley synchro-cyclotron has produced average ion beam 
currents of over 1 microampere of 200 Mev deuterons or, alternately, 400 
Adev He'*"'*' ions. On striking a probe target the deuterons split into a 
proton and a neutron, each, of approximately half the energy. Protons 
of 100 Mev have a radius of curvature half that for deuterons in the mag- 
metic field, and have been studied by placing targets near the center of the 
cyclotron chamber. Neutrons fly out tangentially from a probe target, 
since they are uncharged; this beam of 100 Mev neutrons is of exceptional 
value for research studies. 

The average intensity of 1 microampere represents 10^® deuterons/ 
second, and on striking a target produces a much larger number of 
secondary particles and lower energy radiations. The radiation intensity 
is such that 10-foot thick concrete walls have been installed around the 
IBerkeley machine to provide adequate shielding for the protection of 
personnel. As an example of the shielding problems, measurements 
show that 9-5 inches of concrete are required to reduce the intensity of 
the 100 Mev neutron beam to half value. The shielding problem alone 
demonstrates the tremendous intensities available from the synchro¬ 
cyclotron . 

Several other laboratories are well advanced on design and construc¬ 
tion of large synchro-cyclotrons, including Columbia, Itochester, Har- 
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vardj Pittsburgh, Chicago, and several in England, Sweden, and other 
countries. These are all in the energy range 100 to 350 Mev (for pro¬ 
tons). A design study of a 750 Mev machine (20-foot pole diameter) 
has been undertaken at Brookhaven National Laboratory, which shows 
the feasibility of design for this energy. Costs rise sharply with energy, 
however, as indicated in Table II, and it seems probable that 1.0 Bev is 
about the largest practical size for economic reasons. 

VIII. The Lineae Accelbratob 

The linear accelerator is a device for accelerating charged particles to 
high energies by an oscillating electric field applied to a linear, periodic 
array of electrodes, with an applied frequency which is in resonance with 
the motion of the particles. This resonance principle was first proposed 
by Wideroe® and was developed in 1934 by Sloan and Coates®"^ and others 
for the acceleration of heavy positive ions to energies of 1 to 3 Mev. 
Due to limitations of the radio frequency techniques available at that 
time, the use was restricted to heavy ions and the utility for nuclear 
research was insignificant. However, the intensive development of high 
frequency techniques in the radar field during the past war, particularly 
the high power, short-pulse magnetrons and the improved understanding 
and use of wave guides, has increased the potentialities of linear accel¬ 
erators; several developments are now in progress to expl6re the possi¬ 
bilities of extending the technique into the hundred Mev range. A 
thorough analysis of the theory and design of linear accelerators has 
recently been prepared by Slater^® as a Technical Report of the Research 
Laboratory of Electronics at the Massachusetts Institute of Technology. 
Slater’s study gives the theoretical background and describes the prog¬ 
ress made since the war in the M.I.T. laboratory; it has been of great 
value in preparing this summary. 

In its earliest form^'^ the linear accelerator consisted of a set of tubular 
metallic electrodes alternately connected to the terminals of a high fre¬ 
quency power supply and enclosed in a glass vacuum chamber. Ions 
produced in a discharge source at one end were projected along the axis 
and accelerated on crossing the gaps between electrodes. This tubular 
structure is illustrated in Pig. 20a. The lengths of the electrodes are 
arranged to be equal to the distance traversed by the ions in a half-cycle 
of the electric field, and so increase in length as velocity increases. At 
low energies (nonrelativistic) the velocity varies with the square root 
of the energy, so electrode lengths increase in a sequence proportional to 
the square roots of a series of integers: The electrode length xi for the 
electrode is related to the frequency /, the average accelerating voltage 

and the e/m value of the ions as: 
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~ ^ ~ ^ ^^ (nonrelativistic) (32) 

For high energies, where the velocity is essentially equal to the velocity 
of light, the electrode lengths become constant,' and the relation is: 

c X 

^ _ (relativistic) (33) 

This means that electrodes are spaced at half-wave length intervals and 
is illustrated by Fig. 20b. 

Phase stability is present in the linear accelerator under certain con¬ 
ditions. For particles moving along the axis of the electrode structure 
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Fig. 20. Schematic linear accelerator, a) Low energies, where velocity is increasing, 
b) High energies, where velocity is constant (=c). 

with increasing velocity the same type of focusing in phase and energy is 
obtained as in the synchrotron. There will be one value of voltage 
across the gaps which is correct for resonance, the value Ve used in eq. 32. 
In general the peak voltage across the gaps will be greater than V.e and 
so there will be an equilibrium phase for particles to cross the gaps. 
To show the existence of phase stability consider a particle crossing the 
gap at another phase illustrated by the point ti on the voltage-time graph 
of Fig. 21, when it finds a higher voltage than Ve. This particle will gain 
more energy, have a higher velocity and so take a shorter time to reach 
the next accelerating gap. The resultant phase shifts at the second, 
third, etc. gaps will reduce the energy/acceleration until eventually the 
particle will acquire less than the equilibrium value, will fall below equilib¬ 
rium velocity and the situation will be reversed. This is illustrated in 
Fig. 21, as the points h, tz, etc. in successive accelerations. Here we have 
all the requisites for stable oscillation of phase about the equilibrium 
phase 
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In the description of phase focusing above, note that the region of 
stability is centered about a phase where the voltage across the gap is 
increasing. The alternate position with decreasing voltage would lead 
to instability. This situation is just the opposite of that for phase 
stability in the synchrotron, and results in lateral defocusing of the 
particles. It is one of the most serious handicaps of the linear accelerator 
that the conditions required for phase stability lead to a lateral spread. 
To compensate for such a spread, special axial focusing devices are 
required. Furthermore, even though such lateral focusing is provided 
the particles thereby traverse paths which deviate from a straight line, 
travel slightly longer paths and so acquire a phase shift relative to 
particles which are truly axial. 



Fig. 21.—Voltage between electrodes in the linear accelerator as a function of 
time. Vc is the average voltage for resonance; ^l, ia, is, etc. show the phase shifts of a 
particle in successive accelerations which result in phase focusing. 

Electrons are defocused only in the early stages when the velocity is 
less than the velocity of light and are in neutral equilibrium thereafter. 
Magnetic lenses around the accelerator tube could probably be used to 
provide necessary focusing. Protons, however, will be strongly defocused 
over the entire acceleration. The focusing methods proposed, using 
foils or grids mounted on the electrodes, have not yet been successfully 
tested. 

The periodic electrode structure can be shown to be electrically 
equivalent to a wave guide loaded so that the phase velocity of one of the 
travelling waves is the same as the velocity of the particles. In such a 
wave guide the electric field will move along the guide so that the particles 
pick up energy continuously, entirely similar to the motion of a surfboard 
down the advancing front of a water wave. Post war developments of 
the linear accelerator in different laboratories have largely been extensions 
of wave guide techniques and have followed several parallel channels 
which are closely related theoretically. 
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For the acceleration of electrons, most laboratories have chosen to 
capitalize on the developed techniques and high power magnetron sources 
in the radar field, with frequencies of 3000 Me. Wave guide loading has 
been accomplished with iris diaphragms. At the Massachusetts Institute 
of Technology's-29 a standing wave type of iris loaded wave guide at 10 
cm. wavelength is under development; similar programs are in progress 
at General Electric Co., the University of Virginia, Purdue University, 
Yale University, and others. In Figure 22a a schematic representation 
of the iris loaded wave guide shows the structure and the electric field 
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Pig. 22.—a) Iris loaded wave guide for an electron linear accelerator at 3000 Me 
showing the geometry and the shape of the lines of electric field intensity, b) Drift- 
tube wave guide for a proton linear accelerator at 200 Me showing the geometry and 
the shape of the lines of electric field intensity. 

distribution obtained with standing waves. At Stanford and at the 
Telecommunications Research Establishment (TRE) in England, the 
same type of iris loaded wave guide has been used for the propagation of 
traveling waves. It should be noted that electrons reach a velocity of 
0.98 c at 2 Mev energy, and so tapered loading of the guide is needed only 
at the start; thereafter the sections can be uniformly spaced for the 
velocity of light. 

The wave form propagated in a periodic structure such as is illustrated 
in Figure 22a can be expressed as a Fourier series, in which only one of 
the components will have a velocity of propagation equal to the particle 
velocity. All the other components will have different velocities and 
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will act only as rapidly oscillating perturbing fields so their effects can 
be neglected. The wave which is propagated with the largest amplitude 
is that for which the spacing between diaphragms is a half-wave of the 
guide wave length; this is called the '‘7r-mode.’’ If the structure is 
terminated after a finite number of diaphragms, so tliat the waves are 
reflected from the ends, a standing wave is set up along the guide, con¬ 
sisting of two sinusoidal components which are out of phase by 180°, 
The guide acts like a resonant cavity for this frequency, with diaphragms 
located at the nodes of the standing wave pattern. Under these condi¬ 
tions the velocity of propagation can be either equal to or smaller than c, 
and can be adjusted by the spacings of the diaphragms and tlie size of the 
apertures. The axial component of the electric field, which must be 
integrated along the guide to give particle energies, is proi)ortional to the 
stored energy and so to the power input. Losses in the guide produce 
attenuation and reduction of the stored energy, and are additive for all 
the possible modes (this subject is discussed in some detail by Slater) 
Using the high peak pulse power possible with commercially available 
magnetrons, it is possible to achieve fields capable of accelerating elec¬ 
trons at the rate of 1 to 2 Mev/foot of guide for short lengths. The 
average potential drop/unit length Ex is a measure of the (luality of the 
design. 

Another way of using the loaded wave guide is by employing a non¬ 
reflecting termination and obtaining a traveling wave which can be 
considered as consisting of a sine wave and a cosine wave with a phase 
difference of 90°. These must be excited separately, by feeding power 
into at least two points, and phased in quadi^ature. The time required 
for build up of the field is finite, and so a short accelerator fed at one end 
will not give the maximum amplitudes possible with a longer one. On the 
other hand, if the guide length is long enough to give a transit time long 
compared with this build-up time, one end does not know what the other 
end is doing, fields can build up to maximum and power can bo fed in afc 
uniform intervals along the guide. The traveling w^ave accelerator has 
the advantage of utilizing a larger fraction of the power available from a 
magnetron oscillator than a standing wave tube. However, losses in the 
guide are greater due to the large number of diaphragms anti the net 
acceleration is not significantly better than for standing waves at the 
same input power. 

Several factors influence the acceleration/unit length, given by the 
field 

(a) Ex ^ Py^, where Px is power input/unit length. 

^ (b) Ex ^ X-^, where X is wavelength. This is primarily the effect of 
skin depth on the Go of the guide, and shows a slow improvement witi\ 
decreasing wavelength or increasing frequency. 
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. (c) Geometry of apertures in iris diaphragms: The effect of small 

apertures is to concentrate the stored energy in the region near the axis, 
thereby increasing the field on the axis. However, a finite aperture is 
required for the particle beam and so there must be a compromise choice 
for each accelerator design. 

(d) Operating mode: The 7r-mode, illustrated in Fig. 22, has dia¬ 
phragms set at X/2 intervals, has a high Gq, is ideal for standing waves, 
but cannot support a traveling wave. The 7r/2-mode has twice as many 
diaphragms, set at 90° phase intervals and so has greater surface losses 
and lower Go; however, it does allow a traveling wave and has other com¬ 
pensating advantages. 

Since electrons acquire a velocity essentially equal to the velocity of 
light in the first few feet of acceleration there will be relatively weak phase 
focusing. The electrons will stay in resonance in the standing wave type 
of accelerator or in the accelerating phase of the traveling wave type only 
if the phase velocity in the guide is exactly the velocity of light. This 
depends on the precision of construction of the guide and the precision of 
frequency and phasing of the power sources. The frequency of separate 
self-excited oscillators is hard to regulate with precision; power amplifiers 
with a master oscillator to determine frequency would be more amenable 
to control, at least for the traveling wave tube. The precision required 
is directly related to the length of tube and so to the maximum energy. 
At 10 cm. wavelength and with 1 Mev per foot acceleration, there will be 
roughly 300 wavelengths for 100 Mev and the frequency should be con¬ 
trolled to better than 1 part in 10"^. Bunching of electrons by phase 
focusing at low energies will be preserved but not improved at relativistic 
energies. Electrons will be accelerated over a considerable range of 
phase and so have a considerable final energy spread. A good estimate 
of this energy spread is that half of those accelerated will have energies 
within 10% of the maximum energy. 

The linear accelerator for protons designed and built by Alvarez^® at 
the University of California uses a frequency of 200 Me, originally chosen 
because of the availability of surplus radar equipment at that frequency. 
The structure is a wave guide with ‘Uirift tubes” of the proper resonant 
lengths mounted along the axis. A diagram of the structure and a 
sketch of the lines of electric field intensity is shown in Figure 22b. The 
drift tubes increase in length and decrease in diameter to produce a phase 
velocity equal to proton velocity during acceleration. Any unit section 
of the guide can be viewed as a cavity resonant at 200 Me and having a 
distance between accelerating gaps compatible with the proton transit 
time. The copper wave guide is about 4 feet in diameter and 40-feet 
long, enclosed in a horizontal cylindrical steel vacuum chamber. Protons 
from a 4 Mev electrostatic generator are injected at one end and travel 
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down the axis, acquiring an additional 28 Mev energy from the 30 gaps 
between drift tubes. Defocusing of the ions by the electric fields in the 
gaps was to be eliminated by using thin metallic foils over the entering 
faces of the drift tube apertures. The field between a cylinder and a 
plane is so shaped as to be focusing for particles penetrating the plane. 
Foils must be so thin that the energy loss is small compared with the 
energy acquired in the acceleration. Reports of preliminary tests show 
that the i-mil beryllium foils used were burned out by high frequency 
discharges, and so grid structures are being developed to provide the 
necessary focusing. 

In considering the extrapolation of linear accelerators to the 100 to 
1000 Mev range the most difficult problem is that of feeding power to 
the wave guide. This is essentially the problem of operating many 
parallel power sources at the same frequency and the same phase. Using 
short lengths of guide several magnetron oscillators have been phased 
together successfully, arranged so that the power is distributed uniformly 
along the guide Extension of this technique to many oscillators Is not 
simple, and is one of the primary design problems For tlie standing- 
wave accelerators this power will be dissipated uniformly in the walls of 
the guide and sets a constant figure for the power/unit length required* 
With traveling waves there is also a flux of power out tlie end of the 
guide, decreasing the energy/unit length available to the particles. This 
factor becomes of less importance for long lengths, where, liowever, the 
problems of phasing become more difficult. It is too early to say what 
success may be achieved by use of new techniciues now under develop¬ 
ment. So the use of linear accelerators in the supervoltage range muist 
wait for the solution of the problems of multiple power sources. 


IX. Future Possibilitiics : The Proton Synchrotron 

The machines described in the preceding sections have all been proven 
practical by actual construction and operation. They are limiitHl in 
their potentialities, however, and none of them olTor much hope for 
extension above about 1000 Mev (1 Bev or billion eltHdron volts). 
Scientific research in the future may well reciuire particle energi<^s in 
excess of this limit. One reason is that the probability of productiem of 
mesons in the 300 Mev range of existing machines may prove to he ko 
small that results may be inconclusive. It may also be necessary to 
produce mesons in pairs or in showers (observed with high energy cosmie 
ray primaries) in order to understand completely the production proc¬ 
esses. Eventually it may be necessary to exceed the energy associated 
with the rest mass of a proton or neutron (about 1 Bev) in order to study 
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the details of nuclear forces. To produce a pair of neutrons, 2 to 6 Bev 
of kinetic energy would be required, depending upon the choice of 
bombarding particle. So some studies have been directed towards the 
design of machines for greater than 1 Bev. 

Linear accelerators are in too early a stage of development to predict 
their possibilities in the Bev range; at 1 Mev/foot, a 1 Bev accelerator 
would be 1000-feet long, an obviously difficult problem of construction, 
alignment, and phasing. Electrons will reach the radiation loss limit in 
magnetic accelerators at about 1 Bev. So the only available method of 
producing more than 1 Bev with present knowledge is by using protons 
and circular orbits in a magnetic field. Due to excessive heights and 
costs of the solid core cyclotron magnet, a ring-shaped magnet seems 
essential. The resulting machine would be a proton synchrotron, utiliz¬ 
ing both variable magnetic field and variable frequency. Construction 
of a 1.3 Bev proton synchrotron is in progress at the University of 
Birmingham, England,®^ and a theoretical analysis of ion orbits and design 
requirements has been published.®® Design studies for even higher 
energy machines of this type are in progress at Brookhaven Kational 
Laboratory and the University of California. 

In a proton synchrotron the magnetic field applied to the ring-shaped 
orbit would be modulated from low to high field intensities, probably in a 
cyclic manner. Power requirements will limit the rate of rise of the 
magnetic field, so that the acceleration time may be of the order of 1 
second duration. The magnet might be cycled at the rate of 1 to 10 
cycles/minute. Protons would be injected at low energy, when the 
magnetic field is correct for motion in the circular orbit at injection 
energy. Energy would have to be added to the protons at the rate 
prescribed by the time rate of change of magnetic field. Frequency of 
ion rotation varies with the increasing velocity of the ions, so the fre¬ 
quency of the accelerating electric field must be modulated to correspond 
exactly with this resonance frequency. The range of frequency modula¬ 
tion is determined by the velocity at injection and at maximum energy; 
in the Birmingham design this is 0.27 Me (300 kilovolts) to 9.5 Me (1.3 
Bev), a frequency ratio of 30:1. Phase focusing applies exactly as in the 
synchrotron if the applied frequency is correct, and the same stable 
oscillations occur in phase, energy and radius of path. However, in this 
case some additional technique must be developed to control frequency 
and maintain the correct value. This special requirement will probably 
prove to be the most critical feature in the design of a proton synchrotron. 

The engineering design will involve several problems of large magni¬ 
tude. A compact and efficient magnet design is essential, to reduce cost 
in this most expensive component, for which thousands of tons of lami- 
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nalied iron are noedod: Techniques must be developed for storing and 
cycling the extremely large amount of stored energy in the magnetic field. 
The best guess at present .is the use of rotating machinery and large 
flywheels such as have been developed for steel rolling mills. Electrical 
controls of the high currents to switch the energy from flywheels to 
magnet and back are a large part of this problem. Another problem 
new to the engineering field is the production and control of high radio 
frequency power over a frequency range of greater than 10 to 1. Reso¬ 
nant circuits can be tuned over this range only with great difficulty. On 
the other hand the power requirements for an untuned electrode circuit 
are excessive. New concepts and techniques must be developed to solve 
these problems. 

Ion injection should be at energies as high as practical in order to 
reduce the range of frequency modulation, l^resent designers visualize 
the use of an electrostatic generator operating at about 4 Mev as a possi¬ 
ble source. It would also be preferable to have the protons injected in 
preformed bunches, synchronized with the accelerating electric field. 
Ions can be injected into the orbit by means of suitable deflecting elec¬ 
trodes, which might also be pulsed to minimize interference with rotating 
ions. The number of ions which can be accepted from siich a source in 
the phase acceptance intervals of the synchrotron will l)e small, compared 
with cyclotron intensities, but probably more than adequate for most of 
the experimental purposes visualized. There is also the danger of serious 
reduction of intensity by gas scattering during the transit of the millions 
of revolutions and the hundreds of thousands of miles traversed during 
acceleration. This puts stringent requirements on the design of the 
doughnut-shaped vacuum chamber and the pumping system. It is too 
early to predict the success of ejection systems, but these will probably 
be based on the pulsed deflector used in the synchro-cyclotron. The 
hope would be to obtain a narrow beam of monokinebic protons, deflected 
tangentially out of the orbit, and timed to give any desired energy up to 
the maximum. 

Basic dimensions and ion frequencies can be obtained from the charts 
of Figs. 9 and 10. To illustrate the sizes involved these basic dimensions 

are given in Table III for two sizes which have been considered in design 
studies: 


Table III. Proton synchrotron 


^ A.A X. * i, Kj ijKj 11 ^ y 11 V, 11 roxa c 

Max, En (15 kg.)... . . 



Orbit radius.. 

. / i,> 0 V 
Ore 

10*0 Bev 

Inject, frequency (4 Mev). 

Max. frequency.......... 

0.58 M(5 
6.4 Me 

' 80 ft. 

0.18 Me 
2.0 Me 
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A qualitative sketch of a 25-fbbt p'rotoh synchrotron is showa in 
Figure 23. 

The physical principles of the proton synchrotron appear to be 
entirely sound, and the engineering problems are soluble even though 
difficult. No other method that has been visualized up to the present 
offers the same potentialities. If the proper effort is put into develop¬ 
ment, a multibillion electron volt accelerator could probably be built 



Fig. 23. —Proton synchrotron design, a) Plan of “race-track" magnet with 
electrostatic generator ion source, accelerating system and vacuum pumps, b) 
Enlarged section of magnet and vacuum chamber. 

within a few years. The scientific fruits of such a machine would 
certainly justify the effort, and might be of outstanding importance. 
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I. Intboduction 

. First apprehension of the existence of an electrically conducting 
region in the atmosphere is due to Balfour Stewart who in 1882 hypothe¬ 
sized the existence of such a region to account for the diurnal variations 
in geomagnetism. Schuster fashioned this idea into a formal theory in 
1889, attributed the electric conductivity to action of the sun’s ultra¬ 
violet light, and proposed a law for the variation of conductivity which 
resembles in many features present theories of the formation of the 
ionosphere. 

After Marconi succeeded in spanning the Atlantic by radio in 1900, 
both Kennelly and Heaviside, apparently unaware of the earlier work of 
Schuster, proposed independently in 1902 that the bending of the radio 
waves around the earth is due to the presence of a reflecting layer in the 
atmosphere. The next two decades witnessed extensive theoretical 
development in the field of radio wave propagation. Some investigators 
approached the problem entirely from the classical viewpoint; others, 
drawing heavily on the work of Lorentz, derived the theory of the propa¬ 
gation of electromagnetic waves in ionized media. Meanwhile the prac- 
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tical aspects of radio wave propagation remained largely empirical. 
During all this time there had been no direct experiments to determine 
the nature of the ionosphere. 

Experimental ionospheric research began with the experiments con¬ 
ducted independently in 1925 by Appleton and Barnett in England and 
by Breit and Tuve in the United States. The Appleton-Barnett experi¬ 
ment consisted of the transmission of a continuoiis frequency and the 
measurement of the interference pattern set up by the direct (ground) 
waves and the waves reflected by the ionosphere. The method of the 
Breit-Tuve experiment involved the transmission of a pulse of radio 
waves and the measurement of the time delay between the emission 
of the pulse and the reception of its reflection from the ionosphere. 
Although the cw technique is still used for some special experiments the 
pulse technique has come to be the standard method for present day 
probing of the ionosphere. 

The pulse technique furnishes very concise information on the iono¬ 
sphere. The frequency of a wave reflected from a certain height is a 
measure of the ion (or electron) density at the height at which reflection 
occurs, the frequency reflected being proportional to the square root of 
the ion density. If the frequency exceeds a certain critical value it will 
not be reflected. This critical frequency is a measure of the maximum 
ion density for a region. The time delay between emission of the pulse 
and reception of the reflection is a direct measure of the virtual height of 
the reflecting region from which the true height may be calculated by cor¬ 
recting for retardation of the wave packet in the ionized region. The 
critical frequency and virtual height are fundamental parameters for 
analysis of a radio communication problem. 

Within a few years regular observations of the ionosphere using the 
pulse technique were initiated at several different stations. At first 
these observations consisted of the measurement of the time delay of 
reflections returned from the ionosphere on one or two fixed radio fre¬ 
quencies; later measurements were made throughout the spectrum of 
reflectable frequencies by manual step-wise variation of the frequency. 
Automatic methods of continuously varying the frequency and photo¬ 
graphically recording the reflections were developed at the National 
Bureau of Standards, incorporated into practice in 1933, and placed in 
regular operation at the Bureau’s field station near Washington. Similar 
equipment was also developed later at the Department of Terrestrial 
Magnetism, Carnegie Institution of Washington, and installed at the 
Institution’s magnetic observatories at Watheroo, Australia, and Huan- 
cayo, Peru. Programs of ionospheric research were initiated in other 
parts of the world, but the observations at the above-mentioned locations 
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probably present the most significant data obtained during this stage of 
ionospheric research. 

From these and other observations made during the 1930’s many of 
the most significant characteristics of the ionosphere were revealed or 
suggested. Instead of consisting of a single, relatively thin layer of 
ionization, as was supposed by the earlier investigators, it was clear that 
the ionosphere is an extensive region beginning at a height of something 
less than 100 km. and extending many hundreds of kilometers out into 
space. These observations showed that the ion density increases with 
height, but not monotonically. During daylight hours there are ordi¬ 
narily three heights at which the gradient of ion density becomes zero. 
The designations, E layer, FI layer, and F2 layer, were assigned to these 
regions which have their heights of maximum ion density at slightly over 
100 km., about 200 km., and about 300 km., respectively. A region 
below the E layer, thought to be responsible for radio wave absorption, 
was designated the D region. 

It was recognized that the diurnal variation and geographical dis¬ 
tribution of the E and FI layer are such that they can be fairly well 
represented by a simple function of the sun's zenith angle and that these 
layers undoubtedly are due to photoionization by the sun’s ultraviolet 
light. The diurnal variation of the F2 layer, on the other hand, does 
not exhibit close dependence on the sun's zenith angle. At Huancayo, 
for example, the B2 ion density is less around noon than it is during the 
midmorning and midafternoon hours. When the series of data available 
for Washington was supplemented by the series of data from Watheroo, 
which is located in a corresponding southern latitude, it became evident 
that the geographical distribution of the F2 layer is not what would be 
expected from a simple photo-ionic process. The Washington data had 
shown a winter maximum of ion density instead of a summer maximum 
which was temporarily explained as a result of thermal expansion of the 
atmosphere, but the Watheroo data showed maxima at the equinoxes 
which was inconsistent with such an explanation. 

Most of the erratic characteristics of the ionosphere were revealed 
by these preliminary observations. Among these are the occurrence 
during both night and day of sporadic reflections from the E region at 
frequencies above the normal critical frequency of that region. Dis¬ 
turbances of the ionosphere associated with geomagnetic storms had also 
been observed and their outstanding characteristics, depression of the 
F2 critical frequencies and development of low-lying absorption layers, 
had been clearly defined. Sudden ionospheric disturbances involving 
fade-out of reflected radio signals on the daylight side of the earth had 
been associated with their cause, bright eruptions in the solar chromo- 
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sphere. Increases in ionization throughout the ionosphere with increases 
in solar activity had been discovered and considerable study had been 
devoted to the effects of solar eclipses on the ionosphere. Many other 
effects of lesser importance at the time had been noted. All of this fund 
of knowledge concerning the ionosphere available at the time has been 
covered in several reviews which appeared just prior to the war. 

But application of this scientific knowledge to the practical problems 
of radio communication lagged. Although the theory for applying the 
scientific facts to the problems of communication was fairly well under¬ 
stood, lack of knowledge of the world-wide distribution of the F2 layer, 
which is so important in long-range communication problems, prevented 
description of the characteristics of propagation paths over most of the 
earth. Communication engineers relied more upon past performance of 
radio circuits than upon inferences drawn from the extremely limited 
scientific information. 

II. Reseakch During World War II 

Since reliable communication is a primary requirement of military 
operations, and since radio was the basic method of communication dur¬ 
ing the far-flung campaigns of World War II, both the Allic^d and the 
Axis powers embarked on extensive programs of ionosphcjric research 
after the outbreak of hostilities. Central laboratories were established 
in the various countries and extensive networks of field stations (see 
Fig. 1) were set into operation to acquire data on the ionosphere in 
places for which there was none. The purposes of these organizations 
were to determine the characteristics of the ionosphere in various parts 
of the world and from them forecast the normal diurnal and seasonal vari¬ 
ations, and the long term trends following the sunspot cycle. Improved 
methods for interpreting the data were developed and more exact rela¬ 
tionships were derived for applying the data to forecasting radio propa¬ 
gation conditions. Programs of special solar observations were initiated 
in order to predict as accurately as possible the occurrence of disturbances 
of the ionosphere which were known to be of solar origin. 

This program accomplished its primary purpose. Great improvement 
was achieved in the prediction of propagation conditions even for regions 
in which there was no extensive previous communication experience. 
The previously irregular distribution of F2 ionization was found to fit 
into a regular system so that its characteristics could be predicted where 
they had not been observed. But there was little advance along purely 
theoretical lines. The tremendous quantity of data collected, the analy¬ 
sis and systemmatizing of these data, and their practical applications to 
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the problems of radio communication constitute the advances in iono¬ 
spheric research during the wartime period. 




III. Geomagnetic Effects in the F2 Layer 


One of the most outstanding results of the world-wide survey of 
ionospheric characteristics was the revelation of a close correlation 
between the distribution of F2 ion density and the geomagnetic field. 
This discovery immediately systematized in part the apparently anoma- 
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lous beliavior of the F2 layer: ; Behavior'of the :F2 layer at stations in the 
same geomagnetic latitude exhibits more, similar characteristics than at 
stations situated in the same geographical latitudes. (Geomagnetic 
latitude refers to a system of spherical coordinates based on the axis of 
uniform magnetization of the earth which intercepts the surface in 
latitude of 78.5° N, longitude 69° W.) 

For this reason charts of critical frequency vs. local time are not 
applicable for all longitudes. Fairly satisfactory representations have 
been obtained, as a temporary expedient, by dividing the world into 
three zones in the form of lunes with their apexes at the poles of the 
geomagnetic axis, the west zone covering approximately the region 60° 
east and west of the 69° W meridian, the east zone covering approxi¬ 
mately the region 60° east and west of the 111° E meridian, and the 
double intermediate zone covering the remainder. Use of separate 
F2-layer charts for different longitudes for radio propagation purposes 
was introduced by the Interservice (now Central) Radio Propagation 
Laboratory of the National Bureau of Standards in 1943. (See Fig. 2.) 

A distinct feature of this geomagnetic effect is a lower value of ion 
density in the F2 layer around local noon in the region close to the geo- 
ipagnetic equator as compared with values further north and south. A 
simple photo-ionic control of the F2 ion density would call for highest 
values near the geographic equator without any special variation asso¬ 
ciated with the geomagnetic equator. 

An interesting aspect of this geomagnetic effect is revealed in correla¬ 
tions of daily fluctuation in the F2 critical frequencies (which are propor¬ 
tional to the maximum ion density) at different stations. Appreciable 
departures from the running mean value occur in the daily values of F2 
critical frequency at a given hour (standard deviation equals 10%, 
approximately). The correlation coefficient of these departures for 
pairs of stations in the same longitude but in different latitudes is high for 
pairs of stations in middle latitudes and decreases as the distance between 
stations increases. However, the correlation coefficient relating these 
departures for pairs of stations, one of which lies close to the geomagnetic 
equatot and the other of which lies some 20° to the north or south, is 
negative. 

The implication of this surprising relationship is that a portion of the 
departure from the running mean value is due to an agency affecting the 
earth as a whole, such as a change in intensity of the solar ionizing agent, 

. and that another portion of the departure is of terrestrial origin which 
acts differently in different latitudes. It has been suggested that this 
terrestrial agent is the diurnal variation in the geomagnetic field which 
generates electric forces that act on the. electric charges in the ionosphere, 




LOCAL TIME 

Fig. 2. —Maximum usable frequency charts showing maximum frequencies which 
will be propagated by the ionosphere for distances in excess of 4000 km. as functions 
of latitude and local time at point of reflection during June, sunspot number zero, 
west zone (upper chart) and east zone (lower chart). 
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but the underlying theory is highly complicated and has not yet been 
quantitatively examined. 

IV. Distribution of E and FI Layers 

The abundant data supplied by the world-wide network of ionosphere 
stations established during the war permits a more precise determination 
of the relationship between ion density and the sun’s zenith angle, x- 
This, in turn, furnishes a basis for inference regarding the processes of 
ionization and ionic decay in the layers, particularly in the E and FI 
layers. 

According to conventional theory of layer formation, which assumes 
that the recombination coefficient is invariant with height, the maximum 
ion (electron) density should be proportional to cos^ x> and consequently 
the critical frequency proportional to cos^ x, if the processes are suffi¬ 
ciently rapid that a state of approximate equilibrium exists. On the 
other hand, if the recombination coefficient is a function of height, 
linearly dependent on the pressure, or, if the removal of electrons, which 
are mainly responsible for reflections, is accomplished by attachment to 
heavy neutral molecules, the electron density will be proportional to 
cos X and the critical frequency to cos^ x- Such a layer, of course, cannot 
have a maximum of electron density, unless the constituent gases of the 
atmosphere have certain complicated distributions, so that the a priori 
likelihood that the ionic decay processes in the E and F layer behave in 
this manner is low. On the other hand, since no maximum ion density 
appears in the D region, it may be that attachment is an important factor 
there. This is consistent with the existence of higher molecular densities 
in the D region which is more favorable to attachment processes. 

Examination of the world-wide distribution of the FI critical frequency 
shows that it does not depart conspicuously from the cos* x law. E layer 
critical frequency is approximately proportional to cos* x- This sug¬ 
gests that either the recombination coefficient varies with height but 
less rapidly than the pressure, or that both the attachment and the 
recombination processes are important in the ionic decay processes of 
the E layer. 

V. Two Control-Point Method of Calculating Maximum Usable 

Frequencies 

Application of ionospheric data to solution of propagation problems 
has usually been performed on the basis of a ray theory. A radio wave 
propagated vertically upward is reflected at a height where the ion 
density has a value N given by the equation 
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where / is the frequency of the radio wave, m, the mass in grams of the 
ions (usually free electrons) responsible for the reflection, and e, the 
electronic change in electromagnetic units. Actually, the presence of 
the earth’s magnetic field causes splitting of the wave into two compo¬ 
nents, the ordinary, /«, and the extraordinary, /», rays. The above 
relation applies for the ordinary ray. The frequency for the extraordi¬ 
nary ray reflected at the same ion density is given by 

/»* -- fxfs — /o® = 0, 


or 


fsB — fo -h/jff/2 


for values of/* and/o large as compared tofs, the gyromagnetic frequency 
of the ions. At oblique incidence on the ionospheric layers a wave is 
reflected from the same level of ionization if its frequency is 

f t=f aec V 

where <p is the angle of incidence on the layers. This frequency f is the 
maximum usable frequency for communication between points where ^ 



COMPARISON OF PREDICTED FREQUENCIES WITH FREQUENCIES 

ACTUALLY USED SYDNEY-SAN FRANCISCO OCTOBER 1944. 

% 

Fio. 3.—Comparison of predicted usable frequencies with those actually used 
between San Francisco and Sidney. The solid curve shows frequency limited by San 
Francisco control point, and the dotted curve, Sidney control point. 

satisfies the geometrical considerations involved, applying for the ordi¬ 
nary or extraordinary ray accordingly as / is the ordinary or extraordinary 
ray. For radiation emitted at very low angles, propagation to a distance 
of about 4000 km. may be accomplished by a single reflection from the 
ionosphere in accordance with the ray theory; for greater distances two 
or more reflections from the ionosphere must occur. 

Over long paths many modes of propagation may be involved. Esti¬ 
mating the frequency to be used for communication over such a long path 
would require calculation of the usable frequency at each ionospheric 






326 A. G. MCNISH 

reflecting point for each of the various possible modes. However, it has 
been found that propagation of the wave between two points occurs if 
the conditions for reflection, as given in the above equations, are satisfied 
at two places along the great circle path between the points, one approxi¬ 
mately 2600 km. from the point of emission and the other 2000 km. from 
the point of reception. These are known as the control points of the 
path. (See Fig. 3.) 

No satisfactory theory of the two-control point principle has been 
offered. Application of the method to the analysis of propagation paths 
is based on its empirical success. Success of the method casts some doubt 
on the adequacy of the ray model for explanation of long distance propa¬ 
gation and may call for formulation of a wave guide model to replace it. 

VI. Effects OF Soear Activity 

The relation between solar activity and ion density of the various 
ionospheric layers is more completely represented now than hitherto. 
This is the result of the present availability of more extended series of 
data, including, in particular, the data from the present sunspot cycle 
during which the relative sunspot number has reached higher values than 
have ever been attained since regular observations of the sunspots were 
instituted. Variations of critical frequencies of the various layers of the 
ionosphere in relation to the sunspot cycle have been studied at a large 
number of statibhs. Particular attention has been devoted to the 
irregular characteristics of the F2 layer. Its behavior at a large number 
of stations as a function of various variables has been extensively studied. 

Apart from their scientific significance, these studies have been neces¬ 
sary for forecasting propagation conditions in various parts of the world. 
If the trend of critical frequencies as a function of solar activity is deter¬ 
mined, then an estimate of future solar activity fixes an estimate of the 
maximum usable frequency which may be employed for radio traffic 
between any two points. This, of course, implies the ability to estimate 
future trends of solar activity which may be achieved, with some degree 
of success, on a statistical basis from the lengthy series of sunspot observa¬ 
tions available today. “ 

The presently available series of critical frequency and sunspot 
observations may be fairly well related by an equation of the form 

/ = a -f- bR 

in which / is the critical frequency, R the relative sunspot number, and 
a; and h constants dependent on the ionospheric layer, hour of day, time 
of year, and geographic location. (See Fig. 4.) Over a large range of 
values, such as have occurred during the present sunspot cycle, inclusion 
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of a third term, seems to be called for, c having a negative value. 
There is, of course, no physical reason for a linear (or any other definite) 
relationship between critical frequencies and the highly arbitrary sun¬ 
spot number. The strongly linear tendencies of the relationship speak 
well of the intuition of the originator of the relative sunspot number 
system of measuring solar activity. 



SUNSPOT NUMBER 


Fig, 4A. 

Fig. 4. —-Variation with sunspot number of critical frequencies at local noon of the 
E, FI, and F2 layers at (A) Washington, D. C., (B) Huancayo, Peru, and (G) Wath- 
eroo, Australia, 12-month running averages. 

Since critical frequencies are proportional to the square root of ion 
densities the percentage change in ion density with sunspot number is 
even more pronounced. An estimate of the magnitude of the change in 
the solar ionizing radiation responsible for the several layers involves an 
assumption as to the processes of ionic equilibrium involved, If the 
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process of electron removal is by attachment to neutral molecules, then 
the rate of removal will be proportional to the number of electrons present 
and a twofold increase in critical frequency implies a fourfold increase in 



Fig. 4B. 


the rate of ion production, for equilibrium conditions. If, on the other 
hand, electrons are removed by recombination with positive ions, and if 
the positive ions are numerically equal to the electrons, then for equilib¬ 
rium conditions, a twofold increase in critical frequency implies an eight¬ 
fold increase in ionizing radiation. It is not possible at the present time 
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to decide which, if either, of these alternatives is correct. It is clear> 
however, that variation in the ionizing radiation from sunspot minimum 
to sunspot maximum is very great in spite of the high constancy of radia- 



SUNSPOT NUMBER 

Fig. 4C. 

tion in the visible spectrum. But the variation in the ionization radia¬ 
tion is not as great as the variation in sunspots, for even at the minimum 
of the sunspot cycle, when there may be no observable spots upon the 
sun, the ionizing radiation is sufficiently strong to support considerable 
ion densities. 

The close relationship between critical frequencies and sunspot num¬ 
bers suggests that critical frequencies may constitute a more satisfactory 
index of the 11-year change in the sun’s behavior than the artificially 
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contrived Sunspot nuiaber based on counting the individuarvisible spots 
and groups of spots. An index of solar activity based on the critical 
frequencies eliminates the personal bias of the observer, a defect in the 
significance of sunspot nurabers as a measure of solar activity, particularly 
when long-term trends are involved. On the other hand, critical fre¬ 
quencies exhibit seasonal and diurnal variations, but allowance can be 
made for these effects because of Well-established trends. 

By using the F2 critical frequency data for certain hours at Washing¬ 
ton, Watheroo, and Huancayo, for which the seasonal trends have been 
well established it has been possible to establish an index of solar activity 
which closely parallels the variations of the relative sunspot numbers. 
Monthly values of this index exhibit smaller variations from their 
12-month running averages than do corresponding values of the relative 
sunspot numbers, indicating that, in addition to being a more objective 
measure, it is also subject to smaller statistical fluctuations. 

VII. Prediction op Ionospheric Disturbances 

Associated with increases in solar activity are increases in the fre¬ 
quency of incidence of disturbances of the ionosphere. Since the effect 
of these disturbances is almost invariably a degradation of the ability 
of the ionosphere to sustain radio communication, the forecasting of 
disturbance became a matter of primary importance during the war when 
the success of military operations often depended on maintenance of 
reliable radio communication. During the war when conventional aids 
to navigation could not be employed and dependence had to be placed on 
long range radio aids, the probability of occurrence of ionospheric dis¬ 
turbances was considered in planning air raids. 

The phenomena classified as ionospheric storms were recognized before 
the war as the ionospheric aspects of electromagnetic disturbances of 
the earth, other aspects of which had long been recognized in geomag¬ 
netic and earth-current storms and auroral displays. When the require¬ 
ment for prediction of ionospheric storms became acute the abundant 
fund of information obtained from the lengthy series of data from geo¬ 
magnetism, extending back for a hundred years, was available. Fortu¬ 
nately, the first years of the war fell during a part of the sunspot cycle for 
which the established 27-day recurrence tendency in geomagnetic dis¬ 
turbance was well marked. This recurrence tendency, due presumably 
to the 27-day rotation of the sun, in the course of which active areas are 
turned toward or away from the earth, is manifested in greater proba¬ 
bility of the occurrence of a geomagnetic storm 27 days after one has 
occurred. On the basis of this recurrence tendency alone relatively 
reliable predictions could be made nearly a month in advance. 
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An intense program of obsesryation, of tlie visible solar phenomena was 
maintained in order to improve the foreeasts by inclusion of such addi¬ 
tional information as the solar observatories would supply. Regular 
observations of the sun’s corona were instituted in order that active 
regions on the sun could be detected while still on the limb of the rotating 
sun. This involved employment of the recently developed coronagraph 
technique by means of which an ‘^artificial eclipse” is produced by 
occulting the image of the bright disc of the sun. 

The series of special solar observations are as yet too short to derive 
any reliable statistical conclusions relating visible solar phenomena with 
ionosphere storms. No single factor among the several solar character¬ 
istics observed has appeared as a reliable indicator of impending iono¬ 
spheric disturbance. The presence of regions of unusual activity on the 
part of the sun which is turned toward the earth has served as a fairly 
good reason for the anticipation of disturbance. 

If it is not required that warnings of ionospheric disturbance be given 
days in advance a rather high degree of success in their prediction can be 
achieved. During the initial stages of a geomagnetic storm the iono¬ 
sphere is ordinarily not greatly affected. Therefore if the recordings of a v 
magnetograph are closely monitored, advance warning of ionospheric 
disturbance may be given. The auroral regions of the earth are most 
sensitive to the effects of ionospheric disturbance, therefore considerable 
advance information on disturbance can be obtained by radio bearings 
on stations, the paths to which intercept the auroral zone, before the 
effects have become great enough to hamper ordinary communication. 
By application of these principles in conjunction with anticipation of 
disturbance from recurrence tendencies and solar phenomena a high 
degree of success can be achieved in warning of degraded propagation 
conditions for the following 24 hours. Such information is regularly 
broadcast at half-hour intervals by WWV, the standard frequency station 
of the Central Radio Propagation Laboratory, National Bureau of 
Standards. 

A method for predicting sudden ionospheric disturbances on a prob¬ 
ability basis was developed by statistical study. These disturbances are 
distinct from ionospheric storms. They consist of sudden increases in 
ion density in the absorbing region which persist for from several minutes 
to sometimes several hours. During these disturbances high frequency 
radio communication is seriously hampered or completely obliterated. 
Since the recognition of this special type of disturbance did not occur until 
1935, and since the geomagnetic effect occasionally associated with the 
disturbance is not easily recognizable per se it has been possible to 
describe the statistical.characteristics, of the.type:.only recently, No 
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attempt is made to predict the exact time of occurrence of a sudden 
ionospheric disturbance; only the probability of the occurrence of one 
on a given day, based upon established recurrence tendencies and the 
presence of areas on the visible side of the sun that are recognized as 
typical sources of the bright chromospheric eruptions that cause the 
disturbances, is predicted. In spite of their brief duration these dis¬ 
turbances cause considerable interference with radio traffic, particularly 
when operation is automatic. Ability to anticipate their occurrence is 
thus of considerable value, especially around times of maximum solar 
activity when they are most numerous. 

VIII. Spokadic E Reflections 

The elusive problems of sporadic E reflections, that is, occasional 
reflections from the E region at frequencies above the normal critical 
frequency of that region, have not been resolved by the accumulated 
data from the world-wide network of ionosphere stations. Because of 
differences in types of vertical incidence equipment in use and differences 
in their sensitivities, observations of sporadic E reflections at different 
stations are not readily comparable. Even at a single station, the diurnal, 
seasonal, and long-term variations in absorption together with changes in 
the performance of equipment confuse interpretation of the observations. 

All sporadic E reflections do not seem attributable to the same cause. 
Several main types are widely recognized. In equatorial regions reflec¬ 
tions from the E layer at frequencies above the E critical frequency are 
regular in their occurrence. The highest frequencies are reflected around 
noon. These reflections are ordinarily weak and the upper layers are 
not occulted. The reflections seem to result from the presence of a sharp 
boundary in the the E layer. Near the auroral zone strong reflections 
are frequently returned from the E region of sufficient strength to occult 
the upper layers. Many of these occurrences are associated with typical 
geomagnetic disturbances known as bays. In contrast with the equa¬ 
torial phenomena the frequency of occurrence in high latitudes is greatest 
at night. In temperate regions both types of sporadic E reflections occur 
and apparently some additional types besides. No correlation has been 
noted between occurrence of sporadic E reflections and magnetic activity 
in temperate regions. 

Assessment of the importance of sporadic E reflections to radio com¬ 
munication is difficult. Because of the highly local nature of the phe¬ 
nomena it is unlikely that “two-hop” propagation solely by sporadic E 
reflections occurs frequently. However there are numerous cases of 
“single-hop” propagation which find their only plausible explanation in 
sporadic E reflections, .and it is entirely likely that much of the propaga- 
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tion at frequencies in excess of the maximum usable frequencies of the 
normal layers occurs in this way. 

Considerable investigation has been carried out on the relative fre- 
quency of occurrence of sporadic E reflections on various radio frequencies 
at individual stations. Results from these studies are not subject to the 
same uncertainties as studies of seasonal, long-term, and geographic dis¬ 
tribution. For any given station for any season of the year the percent¬ 
age of time, P, that sporadic E reflections are obtained above a frequency 
/ is given approximately by 

logP = a — 6/ 

where a and 6 are constants dependent on the station and season. This 
relationship affords a basis for estimating the percentage of time that 
sporadic E reflections may be expected to support propagation of radio 
waves at frequencies in excess of the normal maximum usable frequencies. 
Since a is small the relationship may be represented approximately by 

/ log (l/P) *= constant. 

IX. Absorption op Radio Waves 

Calculation of the field intensities of radio waves propagated over 
given paths rests to an even greater extent on actual communication 
experience than the selection of frequencies for use over the path. The 
practical communication engineer usually solves the problem of what 
power is required for operation of a circuit by having sufficient power 
available for use so that the strength of the received signals will be as 
great as is conceivably necessary. Such methods are obviously not eco¬ 
nomical from the individual operator’s viewpoint; nor efficient when 
considering the tremendous radio traffic which the ionosphere is called 
upon to support. Excessive use of power on one frequency to sustain 
communications over a given path creates interference for users of the 
same frequency over other paths, and thus imposes a pre-emptive limita¬ 
tion on use of the ionosphere. 

The reason for reliance on practical experience is due to the absence 
in the past of a satisfactory generalized basis for calculating absorption 
over long paths. The theory of absorption of electromagnetic radiation 
in ionized media is very complete but the application of this theory for 
the complicated conditions encountered in the ionosphere is difficult. 
Also, many of the parameters necessary for numerical calculation of the 
absorption over actual paths on the basis of the physical theory are not 
known. Attempts to evaluate these parameters by observing field 
strengths of various transmitters over various paths have been frauglit 
with difficulties. One of the principal uncertainties is involved in vary- 
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ing modes of propagation of the waves between transmitter and receiver 
which cause differences in absorption and in the angle of arrival, the latter 
involving differences in antenna response. The mode of propagation 
involved cannot be inferred except by elaborate experimental procedures 
at the receiver or transmitter, or detailed knowledge of the state of the 
ionosphere along the path. Similar difl5culties are encountered in apply¬ 
ing available propagation information to the practical problems of radio 
communication. 

To attack the problems of ionospheric , absorption more directly 
measurements of absorption at vertical, or near vertical, incidence have 
been undertaken on various frequencies. Two methods of measurement 
have been employed, one using the pulse technique and the other the 
cw technique. The former has the advantage of discriminating between 
reflections, partial or complete, from individual layers. The latter 
method is much simpler experimentally although the measurements are 
less simple of interpretation. If vertical incidence measurements of ion 
densities and heights of the various layers are also performed at the same 
station where absorption measurements are made, segregation of effects 
due to different layers can usually be accomplished. Such absorption 
measurements have been carried out for several years at Great BaddoAV, 
England (using the pulse technique), and at Washington, D. C. and 
several other localities (using the cw technique). Noon values^of absorp¬ 
tion have been obtained by the British since 1935. Special experiments 
on absorption using the pulse technique have been carried out for very 
short periods of time at a number of other localities. 

Results obtained from these various investigations are not entirely 
in agreement, but the lengthier series of observations indicate clearly a 
number of important features regarding absorption. According to the 
simple theory of layer formation (in which the recombination coefficient 
is assumed to be invariant with height) the theoretical absorption of 
radio waves at vertical incidence should be proportional to cos^ X- Most 
of the data seem adequately fitted by cos x (see Fig. 5), although observa¬ 
tions on isolated days seem to call for a higher value of the exponent. 
These observations support the formulas which have been used for cal¬ 
culations of field intensity over long paths which involve a linear func¬ 
tion of cos X- Although intraseasonally at one station the observations 
may be systematized by a single cos x law, this may not be accomplished 
interseasonally. Distinct differences in absorption for the same values 
of cos X from one season to another have been revealed, the absorption 
during winter being greater on certain frequencies for an equal value of 
cos X* 

Efltects of solar activity on absorption are revealed by observations 
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extending over a number of years. From a sunspot number of zero to a 
sunspot number of 100 the absorption index at vertical incidence increases 
about 70%. This increase parallels the increase in the normal diurnal 
variations in geomagnetism, as would be expected since the geomagnetic 
variations, like radio wave absorption, are believed to be dependent on 



Fig. 5. —Variation of the absorption index at vertical incidence at Washington as a 

function of the sun's zenith angle. 


ion densities in the same region of the ionosphere. (See Fig. 6.) Thus 
the relationship between solar activity and absorption may be confidently 
generalized as applying not only for the period over which it has 
been observed but for past solar cycles as well. The close relationship 
between radio wave absorption and solar activity, as evidenced by sun¬ 
spots, is demonstrated by comparing the average absorption over 
sequences of days during which the sunspot number increased and then 
decreased. The pattern of change in sunspot number during such 
sequences also appears in the absorption data. 
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While the actual change with solar activity in the absorption index 
at vertical incidence is small, its significance with respect to received 
field intensity at vertical incidence is large, and at oblique incidence, 
even larger. Let us consider a radio wave which is reflected from the F 
layer and which has an absorption index of 1.00 at vertical incidence at 



O 20 40 60 60 too 120 

ANNUAL AVERAGE RELATIVE SUNSPOT NUMBERS 

Fio. 6.—Variation with sunspot number of absorption index (A) and range in 
quiet-day diurnal variation in magnetic declination (B) in the vicinity of WMhing- 
ton, D. C. 

sunspot minimum. The equation relating field intensity to the absorp¬ 
tion index is 

E 10 “^ 

where Eo is the unabsorbed field intensity and A is the absorption index. 
Since the absorption index is the negative logarithm to the base 10 of a 
factor by which the field intensity in absence ojf absorption must be multi¬ 
plied to allow for the decrease due to absorption, a 70% increiise In the 
absorption index corresponds to a fivefold (14 decibel) decrease in field 
intensity. If the angle of incidences of the radio waves on the ionosphere 
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is 60 , then the path length through the absorbing region will be twice as 
great and the absorption index will be doubled. Thus the absorption 
index over a path requiring an angle of 60° for reflection will increase 
from 2.0 to 3.4 for an increase in sunspot number from zero to 100, and 
the received field intensity will be reduced 25-fold (28 decibels). It 
might seem, in view of the foregoing, that oblique incidence observations 
would afford a more sensitive measure of the effect of solar activity on 
radio wave absorption. However, oblique incidence measurements are 
subject to the numerous uncertainties previously mentioned with respect 
to mode of propagation, which renders the interpretation of them difficult. 

The belief that most ionospheric absorption occurs in the ID region 
has had wide acceptance. However there are both theoretical and experi¬ 
mental reasons for supposing that if a radio wave penetrates the E layer, 
the absorption to which it is subjected in the E layer exceeds that to which 
it is subjected in the D region. The theoretical reasons for this is that 
the calculated product, Nv (iNT is electron density; v electron collison 
frequency), upon which absorption depends, attains greater values in 
the E layer than in the D region. This involves an assumption regarding 
the level at which D region ionization becomes appreciable. Rocket 
sonde experiments indicate that this ionization does not become appre¬ 
ciable below 80 km. which is not contravened by radio observations. 
Using this height, the height and thickness of the E layer, as given in 
part by theory and in part by observations, and the values of electron 
density inferred from the radio observations, calculation of Nv and its 
integrated value with respect to height is a straight-forward process. 

Direct experimental evidence that waves penetrating the E layer 
encounter their greatest absorption there is supplied by comparing the 
absorption at vertical incidence for different frequencies. Thus the 
absorption at Washington, D. C. measured during daylight hours of 2 Me 
emissions is much less than the absorption of 4 Me emissions when due 
allowance is made for the theoretical dependence of absorption on fre¬ 
quency. During the period when these measurements were obtained the 
2 Me emissions were reflected from the lower part of the E layer and the 
4 Me emissions penetrated the E layer and were reflected by the El or 
F2 layer. The difference in absorption can be quantitatively explained 
as a result of stronger absorption occurring in the E layer than in the 
D region. 

So far little effort has been made toward quantitatively calculating 
absorption at oblique incidence from the vertical incidence absorption 
data. Practical calculations are based largely on empirical formulas 
which involve little implication regarding the exact levels at which absorp¬ 
tion occurs- Vertical incidence studies have served to indicate how the 
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formulas miist be varied to allow for changes in absorption with solar 
activity, seasonal changes, and similar effects. 

X. Radio Noise 

If a radio signal is received at a certain place with a certain intensity, 
free of interferences from other radio signals, the usefulness of that signal 
for conveying intelligence is determined by the strength of the radio noise 
which is received with it. This noise may be either natural or man made. 



Fjq. 7.—Latitude distribution of intensity of atmospheric radio noise at 5 Me during 
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Good l-ecGiver design can always keep the internal noisC df the equipmeht 
Sufficiently low so as to be of no consequence. Man-made noise can 
usually be eliminated by choice of the receiving site and Other devices^ 
leaving the natural radio noise as the only uncontrollable element. Thus 
the study of natural radio noise is a vital phase of propagation research. 

Thunderstorms are believed to be the major source of natural radio 
noise in the spectrum limits of waves propagated by the ionosphere, noise 
of cosmic or solar origin being of little consequence in comparison with 



night hours' exceeded 90 % of time (19h-2lh, triangles; 23h-lh, crosses, 3h-5hy circles). 












340 


A. G. MCNISH 


atmospheric noise. Thunderstorms in the immediate vicinity of the 
receiving site, while occasionally responsible for interruption of radio 
traffic, are, on the average, less important than the steady background of 
noise propagated by the ionosphere from distant sources. Thus it should 
be possible from knowledge of world-wide distribution of thunderstorms 
and ionosphere characteristics to predict the world-wide distributions of 
the intensity of radio noise. 

At the beginning of the war there were only a few series of radio noise 
measurements, and these, in most cases, of only short duration. The 
requirement for estimates of the intensity of radio noise in various parts 
of the world was met by the construction of noise charts based upon 
accepted distributions of thunderstorms and knowledge of propagation 
conditions. In the absence of direct experience these charts furnished 
some basis for anticipating conditions when new regions were entered. 

An observation program on radio noise was also launched and stations 
were established in many parts of the world using special equipment 
designed for the purpose. In some regions the observations agree closely 
with the conditions described by the charts, in others there are pro¬ 
nounced discrepancies. The reliance which can be placed on the obser¬ 
vations is diminished by the limiting sensitivity of the equipment which 
is unable to determine the lower limit of noise values in many cases. 

At most stations, atmospheric radio noise exhibits many similar 
characteristics. A pronounced diurnal variation is present nearly 
everywhere with lowest values around midday when noise being propa¬ 
gated from distant sources is strongly absorbed. On certain frequencies 
distinct increases in noise occur at the times and seasons when thunder¬ 
storms are prevalent for the region in which the noise station is located. 
Study of the night values of radio noise obtained by the network of noise 
stations, which are values upon which considerable reliance can be placed, 
show that the observed world-wide distribution of radio noise at this time 
is fitted better by assuming a linear decrease with increasing latitude 
than by the highly complex theoretical charts. (See Fig. 7,) A decrease 
in the night values of noise with increase in solar activity has also been 
noted, similar in magnitude to the increase in absorption with increase in 
solar activity. This may be attributable to the increased absorption of 
noise propagated from distant sources. 

XI. Reflections from Meteoh Teails 

Interest in effects of meteors on the ionosphere existed prior to the 
war, but research in the field lagged until the cessation of hostilities in 
Europe, The investigations received fresh stimulation through chance 
observations of meteor trails by radar operators during the war. During 
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the period when regular radar watches were no longer a prime necessity 
but the stations had not yet been de-activated, systematic watch was 
maintained for radar reflections from meteor trails and a large quantity 
of statistical data was compiled. Special investigations to inquire into 
the nature of the phenomena were undertaken. 

Two techniques are employed for study of reflections from meteo- 
trails, the observation of “whistles” and the observation of pulse reflecr 
tions. When a meteoric particle enters the atmosphere it is traveling 
at such a high velocity that it is capable of ionizing the molecules of the 
air. The ionization produced is so intense that for a short time it is 
capable of reflecting waves over a wide range of frequencies. If the 
emissions from a nearby radio station are being weakly received by ground 
wave, reflections from the meteoric ionization will produce interference 
with them. As the meteor shoots through the atmosphere the ray path 
to and from the advancing head of the column of ionization is subject 
to a change in length, giving a Doppler shift, which produces an audible 
frequency by interference. In case the direction and location of the 
meteor trail is such that the angles made by the incident and reflected 
rays to the trail are equal, the reflected signals are very strong. This is 
known as a “burst.” If pulses are transmitted, instead of continuous 
waves, the time delay for receptions of the reflected pulse furnishes a 
direct measure of the distance to the ionized column. It has been sug¬ 
gested that pulse reflections are obtained only when conditions for a 
“burst” are fulfilled but many pulse reflections observed indicate this 
is not generally true. In some cases the time-delay has been observed 
to decrease rapidly during the initial moments of reflection, indicating a 
velocity of approach comparable with meteoric velocities. Presumably 
such reflections are returned directly from the advancing head of the 
column as for the case when whistles are observed. 

The mechanism by which meteors produce ionization has not been 
established. Some ionization is probably produced by direct impact 
with the meteoric particle, some by collision with secondary high velocity 
particles, and some by photo-ionization. Geometric considerations sug¬ 
gest that the initial distribution of ion density in the column due to the 
second and third of these processes should be roughly proportional to the 
inverse distance from the axis of the column, outside of the small finite 
volume containing the axis, provided absorption of the ionizing agent is 
not too great. Decay of ion density probably results from two processes, 
diffusion, and recombination and attachment. Measurements of 
intensity and duration of reflection of radio pulses at various frequencies 
from the columns is thus a means for studying these processes in the 
ionosphere. : . 
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Reflections from meteor trails are obtained on frequencies in excess 
of 100 Me which indicates that sometimes columns of appreciable cross- 
section have ion densities as great as 10** ions/cc. The number of trails 
capable of producing reflections is greater for lower frequencies, and the 
duration of reflections is also greater on the lower frecpiencies, if equal 
radiated power and receiver sensitivity are used. The precise law relat¬ 
ing occurrence of reflections to the frequency of the emitted radiation liae 
not been determined, but observations suggt\st timt occurrence of reflec¬ 
tions is inversely proportional to a power of the fre<iuency higher than 
the first power. The duration of the echoes varies from a fracf ion of a 
second to a minute or more. In a few cases wherc^ radio ohservation.s 
are supplemented by visual observations, the duration of <‘cho appears 
to be proportional to the visual magnitxide of tlie meteor. 

The possibility that sporadic E reflections are caused by met tfors has 
been suggested. It is likely that many of the phenomena apptuiring on 
the multifrequency ionospheric records which are describetl as s|>oriuiic 
E may be caused by meteors. However, reflections from meteor trails do 
not exhibit the characteristics revealed by many of the types of sporadic 
E reflections. Persistent strong propagation over k)ng distances at fre¬ 
quencies well above the prevailing maximum usable frequeney la not a 
condition which would be expected to result from tlie relatively short¬ 
lived and confined ionized trails of meteors. One propagation effect 
associated with meteors is occasional propagation of emissions from frii- 
quency modulation broadcast vstations, over distances beyond the ground 
range, by meteor trails. Such “bursts,” while often affording excellent 
reception momentarily, are of only very short duration. 

XII. HiGH-SfKED MxJLTIimEQIJENCY llKtJORI>KE 

An outstanding development in equipment for ionospheritt research 
occurred during the war. This is a high-speed muUifrecjuency iono¬ 
spheric recorder capable of sweeping through the fr(HpH‘n<‘y range from I 
Me to 20 Me in 7.5 seconds. Older automatic e(pii|>ment requires from 
1 to 20 minutes to cover a shorter range. With this n<‘W thuuce, if i.s 
possible to obtain “pictures” of the virtual height-fr(j<iueiu;y curves far 
the ionosphere in sufiiciently rapid succession that they mity be; shown 
on a screen by a moving-picture projector. 

This new technique for studying the ionosphere has slunvn that many 
of the ionospheric changes occur with a rapidity whic.h had not been 
anticipated from study of the more widely spaced older najordings. 
These effects are particularly pronounced during times of ionospheric 
disturbances. Also, the frequency sweep is now performed iti a suffi¬ 
ciently short time that the record may be regarded as a fair representa- 
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tion of the instantaneous condition of the ionosphere at the time the 
record is made. When older methods of recording are used, appreciable 
changes sometimes occur in some layers of the ionosphere while the char¬ 
acteristics of other layers are being ascertained. 

XIII. Trends op Research 

While present trends in ionospheric research continue to place much 
emphasis on observational work, increased attention is being brought to 
the analysis and interpretation of the observations. Theoretical work 
during the war years suffered because of the lack of adequate observa¬ 
tional material and because of the more urgent demands for practical 
applications. 

The program of world-wide observation is being continued and 
extended to parts of the world that have previously been neglected. 
Particular attention is being given ionospheric research in very high lati¬ 
tudes where effects associated with the auroral zone render ionospheric 
problems much more complicated than they are in lower latitudes. Steps 
are being taken to bring procedures and techniques into coordination. 
Particular need for data on radio noise and absorption on a world-wide 
basis is recognized. In the interpretative aspects there exists a need for 
a scientific treatment of absorption phenomena and the development of a 
method for calculation of absorption without reliance on purely empirical 
formulas. This applies with great weight to absorption in the vicinity 
of the auroral zone, concerning which both scientific and empirical 
knowledge are extremely inadequate. Improved techniques for pre¬ 
dicting ionospheric disturbances and their effects on communication are 
being sought. 

Encompassing all, there is the need for a comprehensive theory of the 
ionosphere, its structure, and its variation, for observations during the 
war years have revealed an unsuspected complexity. This includes 
understanding of the physical properties and processes of the atmosphere, 
for the understanding of which the data obtained by rocket sondes and 
other technical developments of the war will prove of vital importance. 
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I. Introdtjction 

It has long been recognized in all systems of communications that a 
requirement for the reception of intelligence from a desired signal is that 
it must be strong enough to be detected in the prcscmce of interfcrtmee 
either from undesired communication signals or from noise originidhig 
in a variety of sources both internal and external to the receiving appara¬ 
tus. One type of interference to radio coinmunications originating 
within the receiver is the random noise due to the nuctuat.ion of cbadTons 
either in the resistance components of impedance elements or in vacuum 
tubes. 

A well recognized type of external interference originating in the 
earth’s atmosphere is the radio noise associated with the discharge of 

347 
















348 


JACK "W. HERBSTREIT 


lightning in thunderstorms and propagated to the receiving location over 
the surface of the earth and via the ionosphere. 

It has only been quite recently that ever present energy in the form 
of external random noise was discovered to be arriving at the earth in all 
directions from outer space. It is this extraterrestrial radio frequency 
energy that has been termed cosmic^' or by some recent experimenters 
“galactic” radio noise. The existence and extraterrestrial origin of this 
type of noise was first recognized by Karl Jansky of the Bell Telephone 
Laboratories in 1932 while he was measuring the directional properties of 
atmospheric noise at 14.6 meters (20.5 Me) at the Bell System Holmdel, 
N. J. Laboratories.^ Since noise is the factor which limits the detecta¬ 
bility of radio communication signals, it is important that the char¬ 
acteristics of cosmic noise be determined in regard to its directional 
properties, absolute magnitude, and frequency dependenbe. In addition, 
these determinations will undoubtedly provide valuable information 
regarding the nature of our universe. 

II. Jansky’s Measurements 

Jansky noticed that the average level of the background, hiss type of 
noise received at 20.6 Me changed as he rotated a highly directional 
receiving antenna. At first he thought that this change in received noise 
level was due to an unidentified carrier modulated by the noise in his 
receiver. However, after recordings were made over a short period of 
time, he noticed that the noise seemed to come from the direction of the 
sun. When the records made over a period of a year had been analyzed, 
it turned out that the direction of arrival of the maximum noise changed 
from month to month and at the end of a year had returned to approxi¬ 
mately the same position as at the start.^ This immediately suggested 
to him that the main source of this noise was not primarily the sun but 
that it originated elsewhere in outer space. Detailed analysis of the 
direction of arrival of the noise indicated the position of the apparent 
source of this noise as being in the region of the constellation Sagittarius, 
the approximate celestial coordinates of which are thought to be the 
center of our galaxy. The fact that the noise Jansky noticed appeared 
to come from the sun was merely a coincidence in that the sun happened 
to have approximately the same celestial coordinates as the center of the 
galaxy at the time of his original observations. The antenna used by 
Jansky was primarily directional in the horizontal plane and could be 
rotated through 360° of azimuth, having a beam width to half power 
response approximately 37° in height and 30° in azimuth. 

In 1937, further experiments were conducted by Jansky at 18 Me 
using a fixed rhombic antenna directed northeast and southwest, and at 
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9.3, 18, and 21.4 Me using half-wave dipole antennas having very broad 
directional characteristics over the sky.® These measurements gave 
further evidence pointing to the fact that radio frequency energy of 
extraterrestrial origin is arriving at the earth. With the half-wave 
dipole antennas, Jansky attempted to determine the way in which the 
cosmic noise varied with frequency; however, at the relatively low fre¬ 
quencies used, ionospheric absorption was an appreciable factor, being 
most noticeable at the lowest frequency, so that a conclusive frequency 
law was not obtained. 

III. Reber’s Earby Measurements 

In 1940, Grote Reber, working in his laboratory at his home in 
Wheaton, Ill., constructed a unique tuned-radio-frequency amplifier 
receiver, using acorn tubes and transmission line tuned circuits, for 
receiving cosmic radio noise at 160 Mc.‘‘ Fig. 1 shows Reber’s directional 
antenna or energy collector used for his measurements. It consists of a 
large parabolic sheet metal mirror with a half-wave dipole at the focal 
point. The dipole and receiver are mounted at the upper right edge of 
the photograph. The entire mirror was constructed on tracks which 
permitted rotation of the antenna in a north-south plane to any desired 
celestial declination angle almost down to his horizon at approximately 
— 32° celestial latitude. The normal daily rotation of the earth pro¬ 
vided the additional rotation necessary for observing the intensity of 
cosmic radio noise within his field of view. The directional character¬ 
istics of the antenna were such that it responded primarily to energy 
arriving in a narrow cone approximately 14° in diameter. This rela¬ 
tively narrow beam width permitted plotting contours of constant cosmic 
radio noise level over that portion of the celestial sphere visible at 
Wheaton, Ill., thus locating the sources of cosmic noise in some detail. 
His results confirmed Jansky’s previous lower frequency observations 
that the main source of the noise was in the region of the constellation 
Sagittarius at celestial coordinates of 17 hours 60 minutes right ascension 
and declination of —25°. Rel)er also located a secondary maximum in 
the region of the constellation Cygnus,*^ having previously deduced from 
observations of Friis and Feldman® that this maximum existed. The 
contour charts prepared from his measurements at 160 Me are shown 
in Fig. 2. 

Fig. 3 is a world star map and shows the location of these constellations 
in the celestial sphere. The dashed line is the ecliptic or the apparent 
path of the sun in the celestial sphere. At the vernal equinox, approxi¬ 
mately March 21, the sun is at zero hours right ascension and 0° declina¬ 
tion. At the summer solstice, the sun is at 6 hours right ascension and 
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declination approximately +23i-°. At the autumnal equinox, September 
21, the sun is at 12 hours right ascension and 0° declination, and at the 
winter solstice, December 21, at 18 hours right ascension and — 23-|° 
declination. 



Fig. 1. -Large directional antenna used by Reber to receive cosmic radio energy. 

(Courtesy of Grote Ileber.) 


Jansky’s very first observations were made at approximately the 
winter solstice with the sun at the same celestial coordinates as Sagit¬ 
tarius so that the assumption that the extraterrestrial noise was of solar 
origin was an easy one to make. 

In 1943, Ileber with his higher gain and more directive antenna did 
detect and record noise of solar origin in addition to the cosmic noise on 
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Fig. 3.- —Navigational star chart. 
















































































































































































Fig. 4.—Cosmic and sun noise recorded by Reber 1943-1944, 160 Mo. (Courtesy 

of Grote Reber.) 
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160 Mc.^ A portion of liis records taken around the winter solstice are 
shown in Fig. 4 and clearly illustrate the reason for Jansky’s first con¬ 
clusion. These charts were all made with the antenna pointed at a 
fixed declination angle, the rotation of the earth being responsible for the 
change in the area of the sky at which the antenna was pointed. Both 
right ascension and local times are sho\yn on each chart. In the top 
chart, the first maximum occurred when the antenna was pointed at 
approximately 15 hours right ascension, the position of the sun along the 
ecliptic at that time. The second maximum was due to cosmic radio 
noise and occurred when the antenna was pointed toward the region of 
Sagittarius at 18 hours right ascension. As the year progressed, in other 
words as the sun moved along the ecliptic, the two maxima are seen to 
appear closer together and in the region of the winter solstice, they 
coincide as shown in the fourth chart. The succeeding charts show the 
sun moving out from the center of the large cosmic radio noise source as 
it moves further along the ecliptic. 

IV. Latbe Measurements 

In 1945, Hey, Parsons, and Phillips® measured the intensity of cosmic 
radio noise at 64 Me in England and prepared constant intensity con¬ 
tours of the noise which were similar to those plotted by Beber in 1944 
for 160 Me. These measurements were made with a small Yagi antenna 
array with a beam width to half power response approximately 12° wide 
in elevation and 30° in azimuth. The maximum of the beam was at a 
fixed elevation of 12° and could be rotated to any bearing. 

E. F. Sander of the Radar Research and Development Establish¬ 
ment in England measured the intensity of cosmic noise at 60 Me in the 
spring of 1945 using an antenna array consisting of four colinear hori¬ 
zontal half wave dipoles in front of a reflecting screen.® The antenna 
beam width was approximately 20° in azimuth and 30° in elevation, with 
the maximum response approximately 30° above the horizon. 

Also in 1945, L. A. Moxon of the Admiralty Signals Establishment in 
England made measurements of cosmic noise at 90 Me using modified 
radar equipment having an antenna with a beam width approximately 
45° wide at half power response.^® Contours of noise intensity over the 
sky were not plotted from either of these measurements; however, the 
diurnal patterns obtained were as would be expected from a major source 
in the Milky Way as found by the other investigators. The absolute 
values measured also are an aid in determining the frequency law of the* 
noise. 

In 1946, using more directive antennas, Hey, Parsons, and Phillips 
reported^^ observing the noise from a small area in the region of Cygnus 
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to be of varying intensity as it rose and set through their antenna beam. 
The antenna used for these observations was approximately 12° in 
diameter with maximum response fixed at 12° above the horizon and 
variable in azimuth. 

In 1946 and 1947 Reber made a study of his visible sky at 480 Me 
using the same parabolic sheet metal mirror for collecting the cosmic 
radio energy as was used on 160 Me. At this much higher frequency the 
antenna, having the same area, had a narrower beam width, approxi¬ 
mately 6° in diameter, which provided a means for determining the 
source of the noise in still greater detail. The results of Rebers measure¬ 
ments on 480 Me are shown in Fig. 5. These data show two maxima 
in the region of Cygnus. 

V. The Point Source in Cygnus 

During a recent visit to the United States, J. L. Pawsey of the Radio 
Physics Laboratory, Sydney, Australia has described new experimental 
work being done by J. G. Bolton and G. J. Stanley in Australia on the 
small source of extraterrestrial noise in Cygnus. Observations were 
made on three frequencies between 60 and 200 Me using directional 
antennas located on cliff sites over-looking the sea. The resultant 
antenna directivity was an interference pattern consisting of a series of 
lobes with the maximum response occurring at angles above the horizon 
where the direct wave and the almost-perfectly-reflected wave from the 
surface of the sea arrived at the receiving antenna in phase. The source 
of noise was then observed as it rose over the horizon and passed through 
the lobes of the interference pattern. Using this method, the small 
source in Cygnus was determined to be less than about 8 minutes in 
diameter at 19 h 58' 47" ± 10" right ascension and 41° 47' ± 4' declina¬ 
tion. The received noise at the low frequency is found to be of varying 
intensity while at the higher frequency the variations are not observed. 
It has been suggested that ionospheric refraction and absorption, which 
would be expected to be most predominant at the lower frequencies, 
causes the observed variations in intensity just as atmospheric refraction 
causes twinkling of stars at light frequencies. Since Hey, Parsons, and 
Phillips observations of the source in Cygnus were made at a relatively 
low frequency this explanation may also apply to their results. The 
striking thing about these observations is that the apparent small source 
of the noise is from a very ordinary portion of the Milky Way in which 
no outstanding star source appears to exist. 

VI. National Bureau of Standards Measurements 

In the measurements outlined above, most of the research has been 
devoted to determining the spatial distribution of the sources of the 
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noise using antennas having a variety of directivity patterns on fre¬ 
quencies ranging from approximately 9 to 480 Me. Since different 
antenna patterns mean that different areas of the sky are being observed, 
these measurements do not provide comparable results as a function of 
frequency. 

At the present time the National Bureau of Standards, Washington, 
D. C. is in the process of implementing a program of measurement of the 
intensity and frequency distribution of cosmic radio noise from approxi¬ 
mately 25 to 160 Me. In making these measurements, use is being made 
of antennas with comparable directivities and calibrating methods that 
are as nearly identical as possible for the recorders on each of the various 



(a) (b) 


Fig. 6.—Half-wave dipole antenna directivity patterns at 26 Me; (a) over a 
perfect ground; (b) over ground of conductivity cr = 0.002 mhos/meter and dielectric 
constant « '=* 4. 

frequencies. Up to the present time, measurements have been made on 
the frequencies 25 and 110 Me using half-wave dipoles placed one-quarter 
wavelength above the ground. The directivity pattern of such an 
antenna over a perfectly conducting earth is a very broad elliptical cone 
approximately 100° wide to half power response in the plane normal to the 
dipole, and 60° wide in the plane of the dipole. When placed above an 
imperfectly conducting earth, the space pattern is modified by ground 
absorption of a portion of the incident energy. Fig. 6 shows solid models 
of directivity patterns for a 25 Me horizontal half-wave dipole antenna 
receiving randomly polarized energy when located one-quarter wave¬ 
length above (a) a perfectly conducting earth and (b) ground with conduc- 
tivity of 0.002 mhos/meter and dielectric constant of 4. Measurements 
have been obtained using antennas of this type on 25 and 110 Me 
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whicli provide the basis for a preliminary quantitative estimate of a 
frequency law for cosmic noise. 

VII. Method of Measurement 

Before proceeding further with a discussion of these results, the 
method of measurement will be described. During the war, considerable 
progress was made in understanding the nature of the limitations on very 
high frequency (VHF) and ultra high frequency (UHF) receiver sensi¬ 
tivity arising from the presence of various random noise sources within 
the receiver, due to the fluctuation of electrons in the resistance com¬ 
ponents of impedance elements and in vacuum tubes. In connection 
with this work, methods have been devised for measuring the absolute 
level of this noise in a radio receiver and thereby determining the absolute 
sensitivity of the receiver, for in the absence of external noise, it is the 
receiver noise alone that the signal has to compete with in order that it 
may be detected. Cosmic radio noise has been observed to have the 
same general properties as the fluctuation noise in the receiver. In other 
words, when we listen with headphones to a sensitive receiver with its 
directional antenna first pointed at open sky and then turned toward a 
source of cosmic radio noise, what is heard is an apparent increase in the 
receiver noise. This being the case, the methods of measurement of 
receiver noise are applicable to the measurement of cosmic radio noise. 

The concept of “noise figureis now widely used as a measure of 
set noise and the absolute sensitivity of a radio receiver. To understand 
the meaning of the term “noise figure,’’ the concept of available power 
must first be appreciated. The available power from a voltage generator 
is the power that it would deliver to a load with resistance equal to the 
internal resistance of the generator or, in other w^ords, the maximum 
power that can be obtained from the generator is that which it will 
deliver to a matched load. If a load of different impedance is sub¬ 
stituted, the actual power delivered would change, but since the genera¬ 
tor has not been touched, the available power is unaltered. '’ITiis simple 
concept allows us to separate the effects of load impedance from the 
properties of the rest of the circuit. The noise figure NF of a receiver in 
terms of available powers is defined as the ratio of the available signal 
power at the input to hTB, the available noise power from the passive 
resistance of the dummy antenna, divided by available signal to noise 
ratio in the output of the receiver. 

^ _ Available signal power at input/feTi? _ _ ... 

Available signal power at output/Available noise power at output ^ ^ 

where > = 1.37 X 10“23 = Boltzmann’s constant 

T = absolute temperature in degrees Kelvin (taken as 300°) 
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B — Effective noise band width of the receiver in cycles/second 
kTB = 4.11 X 10~^^ watts for a dummy antenna at room tempera¬ 
ture {T = 300°) for a receiver noise band B = 1 cycle/second 
and represents the available noise power from the passive 
resistance of the dummy antenna. 

There exists available noise power in any resistance because of the random 
motion of the electrons in the resistance, the absolute value of the avail¬ 
able noise power being equal to kTB as derived by Nyquist in 1928.^® 
Simply stated, the noise figure, NF, is the ratio of the signal-to-noise 
power ratio at the input divided by the signal-to-noise power ratio at the 
output. We see that if we have the same available signal-to-noise ratio 
at the output as we have at the input, we would have a noise figure of 1 



Fig. 7.—Noise diode method of WF measurement. 


and a perfect receiver. In practice, the available signal-to-noise ratio 
at the output is lower than at the input because of noise added in the 
receiver and consequently the* noise figure is greater than 1. At fre¬ 
quencies up to approximately 40 or 50 Me, receivers have been built 
with noise figures approaching 1. However, as the frequency is increased, 
it becomes more and more difficult to achieve a low noise figure receiver. 
The variation of noise figure vs. frequency as measured for lighthouse 
tube radio frequency amplifiers in special low noise grounded grid circuits 
will be shown later. 

A method of measuring the noise figure of a receiver by means of a 
tungsten filament diode noise current generator used as a signal generator 
is shown in Fig. 7. When a diode is operated such that the plate current 
is limited by the temperature of the cathode, it has been shown that the 
noise current squared flowing in the diode is equal to twice the electronic 
charge, e, in coulombs, times the plate current, I, in amperes times 
the bandwidth, B, in cycles/second- Then the available power from the 
diode generator may be shown to be equal to eZJ5E/2, where R is the 
diode load resistance in ohms. 
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In making the measurements the diode is first connected to the 
receiver as shown with the diode load impedance equal to the antenna 
transmission line impedance. The diode plate current is next adjusted 
by varying the filament voltage and temperature so that the output power 
of the receiver as measured on the power output meter is just double the 
power output obtained with zero diode current. When it is considered 
that the output noise power contributed by the diode is actually the 
signal power, it is seen that the output has been adjusted for a signal-to- 
noise ratio equal to one. From the definition of noise figure, it is seen 
that, having made the output signal-to-noise ratio equal to one, the noise 
figure is equal to the ratio of the available signal power at the input to 
kTB. This ratio becomes simply 19.3Ji? at T = 300°K. when the values 



Fig. 8. —Measurement of external noise. 


of e, k and T are substituted. The use of the diode noise source for 
measuring the receiver noise figure has the advantage that measurements 
of the receiver noise band width, B, are unnecessary. 

When the diode measurements are made of the noise figure of a 
receiver coupled to an actual receiving antenna of the same impedance 
as the diode load impedance used in the measurement of noise figure, 
then these measurements will determine an effective noise figure, 
which may be either larger or smaller than the noise figure measured 
with the diode and real resistance load; this difference is due to the 
external noise picked up by the antenna. It should be noted that a 
radiation resistance is not a real resistor and thus introduces no noise 
into the receiver except to the extent that it absorbs noise radiation from 
its surroundings- It is convenient to express the available noise power 
picked up by the antenna, Na, as equal to an external noise factor, 
times kTB: 

Nam ENkTB watts (r = 300°) (2) 

Thus the dimensionless external noise factor, "EN, as defined by this 
relation, is a convenient measure of the external noise energy. EN may 
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be determined by locating a calibrating diode right at the antenna 
terminals as illustrated in Fig. 8, and determining the effective noise 
figure NF' at the antenna terminals using a similar procedure to that used 
for determining NF. Now, instead of determining the signal generator 
power to kTB power ratio at the antenna, the signal generator power to 



Fig. 9.—110 Me half-Wave dipole at Central Kadio Propagation Laboratory, National 

Bureau of Standards. 


external noise power ratio is determined. EN is then obtained from the 
following relation: 

mi = FF' _ ^ +1 (3) 

Jjr 


We see by this relation that the two measurable quantities necessary to 
determine EN are NF and WF'. This factor, EN, in effect gives the ratio 
of the effective noise temperature of the radiation resistance of the 
antenna to the temperature of the signal generator load resistance taken 
as 300°K. The factor enters into the expression as an allowance for 
the reduction in the signal energy caused by the transmission line and 
antenna losses; in other words (NF/Lr) is the receiver noise figure referred 
to the antenna terminals rather than to the receiver terminals. 

Fig. 9 shows a photograph of the antenna for 110 Me set iip at the 
Sterling, Ya., field station of the National Bureau of Standards where 
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measurements are being made. Two conductor air dielectric transmis¬ 
sion line with polystyrene spacers is used to couple the antenna to the 
receiver. The antenna is supported on a quarter-wave metal insulator 
as has been widely used in radar antennas. Calibration of the antenna 
and measurement of the effective noise figure EN' is accomplished by 
locating the calibrating diode right at the antenna terminals and using the 
radiation resistance of the antenna as the diode load resistance. Fila¬ 
ment and plate potentials for the diode are brought to the diode Avith 
leads through the metal tubes of the quarter-Avave insulator. Fig. 10 
shows a close-up of a special experimental ultra high frequency diode 
for measuring the actual noise figure, NF/Lr, Avhile using a dummy resis¬ 
tor of the same impedance as the antenna for the diode load impedance. 



Tig. 10.—Very high frequency calibrating noise diode in place at antenna terminals. 


Now, being in a position to measure the effective noise figure NF' and the 
actual noise figure NF/Lr with a dummy resistance at 300°K., Ave are able 
to determine the external noise factor, EN. EN multiplied by 300 gives 
the effective absolute temperature of the radiation resistance of the 
antenna since, by definition, EN is simply the ratio of the available noise 
pow er of the antenna resistance to that of the dummy resistance at 300°. 
EN X kTB {T = 300°) gives the actual available received noise poAver 
at the antenna terminal. It should be pointed out that the antenna 
resistance could be at zero degrees absolute and Na equal to zero if the 
antenna looked only at cold empty space, and could be many times 300° 
if the antenna were beamed on a very hot object emitting radiation on 
the frequency to which the antenna and receiver are tuned, e.g., Sagit¬ 
tarius at the frequencies ^on which cosmic radio noise has been 
received. 

In all of these measurements, very sensitive receivers, that is, receivers 
Avith very Ioav noise figures, are essential for appreciable deflection of a 
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recorder in making measurements of cosmic noise. One of the low noise 
figure circuits for a radio frequency amplifier is shown in Fig. 11. This 
is known, after its inventor, as the Wallman low noise circuit. It con¬ 
sists of a conventional cathode separation amplifier tube loaded by the 
relatively low impedance input circuit of the following grounded grid 



Ficj. 11.—Neutralized Wallman low noise radio fi-equency amplifier. 

stage. Neutralization of the first tube, while not absolutely essential, 
lends to the stability of the stage and decreases the loading of the grid 
circuit of the first tube. By proper adjustment of the input circuit, a 
noise figure of approximately 3 at 110 Me has been obtained at the 
Bureau of Standards using a receiver employing two Wallman radio 



Fig. 12. —Very high frequency, low noise figure converter. 


frequency amplifier stages preceding a triode cionverter with output on 
5 Me. Fig. 12 is a pliotograph of one of these (^inverters for use in the 
cosmic radio noise program at the Bureau of Standards. At the right 
are the antenna (‘.ormections followed from right to left hy the two Wall- 
man Stages, convertei- and local oscillator, (b)mmercial high frequency 
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receivers with recording circuits installed provide the additional voltage 
gain necessary at an intermediate frequency to drive an Esterline Angus 
recorder. 


VIII, Results op Measurements 

Results of measurements made by H. V. Cottony, W. Q. Crichlow, 
J. W. Herbstreit, and J. R. Johler at the Central Radio Propagation 
Laboratory are given in Fig. 13. This shows the received external radio 
noise power as a function of time on several days in August, 1947 for the 
frequencies 25 and 110 Me. The external noise power is shown relative 
to kTB with the absolute temperature T — 300°. As the eai'th rotates, 
the cosmic radio noise increases and decreases in accordance with the 
part of outer space at which the antenna looks; the maximum cosmic 
radio noise occurs when the maximum response of the half-wave dipole 
is beamed in the general direction of the constellation Sagittarius. The 
solid curves shown are for the axis of the half-wave antenna oriented 
east-west so that the maximum response of the antenna beam is in the 
north-south plane. The dashed line shown for 110 Me only is the exter¬ 
nal noise measured simultaneously on a half-wave antenna rotated 90° 
so that its maximum response is in the east-west plane. It may be seen 
that the solid lines for 25 and 110 Me move up and down together and 
have the same general shape; however, the dashed line has a different 
characteristic shape, and a lesser maximum and higher minimum than 
for the east-west oriented antenna beamed more favorably on Sagittarius, 
the noisiest region in the Milky Way. Previous measurements made in 
June, 1947 with the same antenna as used to obtain the dashed curve 
shown are similar when compared at the same sidereal or star times. 

Also shown in these measurements is the occurrence of several short 
time bursts of very strong solar radiation which were also accompanied 
by what are commonly referred to as sudden ionosphere disturbances or 
SID’s.These SID’s manifest themselves on the high freqiiency bands 
as short period radio blackouts, on the daylight side of the earth, lasting 
a few minutes to possibly several hours. Two of these occurred during 
the measurements shown and both were accompanied by bursts of solar 
noise. The first occurred at 11:15 a.m. EST on August 23rd, a burst of 
solar noise occurring both on 25 and 110 Me at the onset. The back¬ 
ground level of cosmic radio noise did not change appreciably at 110 Me 
following the burst of solar noise; however, at 25 Me the background 
noise level dropped rapidly and recovered slowly indicating that a por¬ 
tion of the cosmic radio noise energy arriving at the earth was being 
absorbed at a low temperature before reaching the antenna. Jansky 
reported a similar occurrence while making his measurements in 1937.'’ 
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The radio blackouts occurring during these SID’s are attributed to high 
ionospheric absorption which is undoubtedly the cause for the drop in 
external noise occurring only on 25 Me, the absorption in passing through 
the ionosphere being, as would be expected, comparatively negligible at 
110 Me. 

The second SID shown on this figure occurred at 8:30 a.m. August 
24th and is somewhat different than the first in that the rapid drop in 
background external noise identified with high ionospheric absorption 
preceded the burst of solar noise by about 7^ minutes. Similar measure¬ 
ments made in England by Hey, Phillips, and Parsons have recently been 
reported. The reason for the observed delays is not presently under¬ 
stood. One possible explanation suggested by photographs of eruptions 
on the sun is that an eruption starting near the sun’s disc emits ionizing 
radiation at the start of the SID. Only the optical portion (possibly in 
the ultraviolet region) of the energy escapes through the densely ionized 
atmosphere of the sun. In a period of minutes, the eruption expands to 
the lesser ionized outer portions of the sun’s atmosphere, which would 
permit the escape of lower frequency radiation and thus permit the delay 
in the arrival of noise energy observed at the lower radio frequencies. 
It is clear that studies of this type will be a very useful tool for investigat¬ 
ing the connection between solar radiation and our ionosphere. 

IX. Analysis in Terms of External Noise Factors 

Fig. 14 shows the effective noise figures for receivers, including the 
effects of cosmic, ground, and receiver noise using horizontal half-wave 
receiving antennas one-quarter wavelength above the ground. The 
circled points at 25 and 110 Me are the measured maximum and minimum 
values of external noise, EN, at these frequencies. The received energy 
at the antenna is made up of direct and ground reflected waves, and since 
the ground is an imperfect reflector, a portion of the energy from the sky 
is absorbed in the ground in the form of heat and reradiated to the 
antenna at the temperature of the ground or 300°K. The resultant 
noise of the antenna is thus made up of two components, the incident 
energy from the sky and the portion radiated by the ground. The 
dashed line at the bottom of the figure gives the calculated noise radiated 
from t he g round at a temperature of 300°. The ground external noise 
factor EN" is actually the portion of the total received energy that comes 
from the ground. The portion received from the sky at the actual sky 
temperature is equal to one minus the portion received from the ground. 
At frequencies less than approximately 200 Me the effective temperature 
of the cosmic radio noise incident on the earth is in general greater than 
the temperature of the earth. When the energy from the two sources 
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Fig. 14. —Effective noise figures for receivers including effects of cosmic, ground, 
and receiver noise using half-wave receiving antennas one-quarter wavelength above 
ground. 
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are added together in the proper proportion, the resultant external noise 
factor, EN, lies along the solid lines through the circled points and merges 
into the ground radiation curve at the higher frequencies. The points 
denoted by X just above the circles at 25 and 110 Me are the values of 
EN' calculated by removing the contribution of the ground from the 
measured values of EN. The two dashed lines running diagonally down 
the figure represent an estimate of the way in which the maximum and 
minimum cosmic radio noise received from the sky varies with frequency, 
the slope of these curves being —2.41, the exponent in the assumed fre¬ 
quency law. As previously mentioned, the solid lines through the 
circled points, which merge into the ground radiation curve, give the 
combined external noise from cosmic sources and the ground as a function 
of frequency as received on a half-wave antenna one-quarter wave above 
an imperfect ground. These curves have been extrapolated down from 
25 Me to 10 Me as indicated by the dashed portion of the curves neglect¬ 
ing the effects of ionosphere absorption, which in undoubtedly con¬ 
siderable at 10 Me, at least in the daytime during the present period of 
very high sunspot activity. 

Also shown in’this figure is the variation with frequency of the receiver 
noise figure, NF, for a GL446 lighthouse amplifier in a grounded grid 
circuit. The effective noise figure, NF', which results from the com¬ 
bination of all the factors, cosmic, ground, and this particular receiver 
noise, assuming a nominal transmission line loss, is also given for maxi¬ 
mum and minimum cosmic radio noise conditions. 

It is clear from the figure that at frequencies below approximately 
100 Me external cosmic radio noise is the prime factor which determines 
the minimum usable field intensity for a communication service, when 
using half-wave antennas a quarter wavelength above the ground with 
receivers of current design. Above approximately 100 Me the current 
receiver sensitivity determines the minimum usable field intensity. The 
difference between NF' and EN gives the improvement possible with 
better receiver design as a function of frequency. Thus at 1000 Me, it 
may be seen that an improvement of signal-to-noise ratio of approxi¬ 
mately 24 times may be obtained with an ideal receiver where at 10 Me 
improvement of receiver sensitivity will give no appreciable improve¬ 
ment. With very low noise figure receivers, further improvement may 
also be obtained at the higher frequencies with directional antennas which 
discriminate against the noise radiation from the ground. The use of 
directional antennas will provide an improvement in signal-to-noise ratio 
at the lower frequencies when receiving from directions from which little 
cosmic radio noise is arriving. 
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X. Field Intensities Uequieed for Communication Services 

In connection with the discussion of required field intensities for 
frequency modulation broadcasting given by Norton (see page 387) the 
effective noise figures shown in Fig. 14 have been translated into field 
intensities required for satisfactory FM broadcast reception; these 
required field intensities are shown as a function of frequency in Fig. 4, 
page 389. These curves may also be used to determine the required field 
intensity for other communication services by applying the appropriate 
bandwidth and signal-to-noise ratio factors as indicated in the figure. 

XI. Effective Temperature Concept 

If we consider the antenna radiation resistance to be in effective 
black body thermal equilibrium with the objects at which it is looking, 
and we know the gain of the antenna in all directions from which effective 
thermal radiation of temperature T is being received, then in accordance 
with this concept we may compute the effective temperature of the radia¬ 
tion resistance Ta as being equal to the mean temperature weighted in 
various directions in accordance with the antenna gain G. This relation 
is expressed mathematically as a surface integral thus: 

T(d,<l>yGie,<i>)do> ( 4 ) 

where T{6,<f>) is the absolute temperature of the material in space as 
properly weighted and averaged with respect to distance along the beam 
in an elementary solid angle dca centered about the direction G($,c}>) 

is the gain of the antenna in the direction The proper method of 

determining the effective value of may be seen most readily from 

the reciprocal problem in which energy radiated from the antenna is 
absorbed as it is propagated from the antenna out to a distance such that 
it is completely absorbed, and remembering that good absorbers are 
correspondingly good radiators. The following artificial example will 
serve to clarify the problem. If one-third of the total energy radiated 
in the elementary solid angle doj centered on the direction dj({> were 
absorbed in a gas of uniform absolute temperature of 300° extending 
from 0 to 1000 miles from the antenna, another one-third absorbed in a 
gas of uniform absolute temperature 30° extending from 1000 to 1250 
miles, and the final one-third of the energy absorbed in a black body at 
the distance 1250 miles with a surface temperature of 600°, then T{e,<l>) 
for that direction would be equal to ^(300 + 30 -f 600) — 310° absolute. 
The definition of Ta as given by eq. (4), and as explained above, arises 
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from the principle of detailed balancing in statistical mechanics, accord¬ 
ing to which in thermah equilibrium each infinitesimal process must be 
balanced by its inverse process.Thus, since Ta has been confined 
by definition to refer only to temperature noise arising from fluctuations 
in the matter surrounding the antenna, and since the radiation resistance 
of the antenna must be in thermal equilibrium with its surroundings, it 
is only necessary to apply the principle of detailed balancing of absorption 
and radiation processes to the matter in each part of the space sur¬ 
rounding the antenna and to assume that G{6,4>) is the same for transmis¬ 
sion and reception in order to derive eq. (4). It should be noted that, 
when T{B,4>) equals a constant value Tc in all directions, then Ta will 
simply be equal to To since the constant Tc may then be taken from under 
the integral signs and the integral is, by definition of (7(0,0), simply equal 
to 47r. On the other hand, for a high-gain antenna, if T{6,(j>) has,a very 
large value Tc over the effective beam of the antenna and a very small 
value in other directions, then Ta will again be nearly equal to To since 
the contributions to the integral for directions 6 and 0 far removed from 
the maximum of the antenna will be negligible. Measurements in the 
ultra-high-frequency band of the effective noise temperatures of antennas 
beamed on the open sky are of the order of 10° absolute, corresponding to 
the very low value of EN == 0.033. When these antenna beams are 
directed horizontally along the ground, a small part, say one-tenth of the 
energy which could be transmitted from such an antenna would be 
absorbed in the ground, and, since the earth is at a temperature approxi¬ 
mating 300°, the effective noise tbmperature of such an antenna used for 
reception and directed horizontally along the ground would be equal to 
Ta — (ttf) 300 4- (ire)Id = 39° corresponding to a value of EN — 0.13. 
In the future, when receivers with very low noise figures become available 
in the ultra-high-frequency band, it may turn out to be desirable to 
discriminate against the ground-reflected wave in order to reduce the 
received noise. 

XII. Distribution of the Intensity of the Noise Sources with 

Direction and Frequency 

The use of the temperature concept outlined above implies that the 
radiation is thermal radiation following the well known black body radia¬ 
tion laws; whereas, actually the incident energy may be the resultant 
of a large nundber of discrete point sources of electromagnetic radiation 
not following black body radiation laws from stars such as our sun, or in 
interstellar space. 

To better investigate this possibility and to evaluate results obtained 
with various antenna patterns located at various points on the earth, we 
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will let denote the intensity of the incident noise radiation from 

the direction d,4> expressed in watts/sq. m./steradian as received in a 1 
cycle band. The coordinate system has been chosen so that d is the 
elevation angle and cf> the azimuth angle with respect to the earth, as 
illustrated in Fig. 15. If we multiply the intensity 1(0,0) by the effec¬ 
tive absorbing area, Jl(0,0), and by the differential element of solid 



Fig. 15.—Noise energy arriving at antenna from directions e,4> and 


angle, dco, and then integrate over the entire antenna pattern, we obtain 
the total noise power, Na, picked up by the antenna: 

Nu ^ IL A{6^4>)d(a watts in a 1 cycle band (6) 

It is to be understood in the above expression that the absorbing area, 
A (0,0), is for a particular orientation of the antenna with respect to the 
earth and therefore Na also corresponds to this particular antenna orienta¬ 
tion. In other words, the noise power received with a directional 
antenna will depend upon the orientation of the antenna structure with 
respect to the earth. Furthermore, since cosmic radio noise originates 
in sources with fixed directions in the celestial sphere, the celestial coordi¬ 
nates of which change with time with respect to the point of observation 
on the earth, 1(0,0) will be a function of latitude and local time of the 
observer; consequently Na will also vary with the latitude and local time 
of the observer. 

From the above discussion it is seen that at least three independently 
varying coordinate systems are involved in the determination of iV«. The 
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one is the coordinate system we have chosen, which is fixed with regard 
to the observers location on the earth’s surface; a second is a system 
fixed with respect to the antenna pattern; and a third is the celestial 
coordinate system determining the locations of the cosmic noise sources. 
The evaluation of eq. (5) for a particular observer located at a particular 
point on the earth at a particular time, and employing an antenna 
oriented in a particular manner, can be made only by transforming the 
celestial coordinates for the noise sources into an expression for/(0,<^) 
and the antenna pattern coordinates into an expression for A{d,4 >); so far 
only graphical methods have been used for the evaluation of the integral. 
The effective absorbing area of any antenna may be expressed in 
terms of the gain of the antenna relative to an isotropic (omnidirectional) 
antenna by the following fundamental relation: 


Aid,<p) 


47r 


sq. m. 


( 6 ) 


In the above X is the wavelength expressed in meters. 

Substituting in the integral of eq. (5) we obtain the received noise 
power for a particular time and antenna orientation; 

IL I{e,^)G{d,4>)d(ji watts in a 1 cycle band (7) 

Since any receiving antenna has a mean absorbing area equal to 
X 2 / 47 r when averaged over all directions in space, we may divide both 
sides of the above equation by XV^tt and obtain an expression for the 
measured intensity of the incident radiation weighted in various direc¬ 
tions in accordance with the antenna gain G. This measured incident 
radiation will be designated by M thus: 

M = = f J4 . wsitia / BCi . m . foT a 1 cyGlehand (8) 

In particular it should be noted that in a hypothetical case in which it 
is assumed that the incident noise is constant in all directions, e.g., 
I{$,<!>) = 7o, this constant value may be removed from the integral and 
the resulting integral is then, by definition, simply equal to dw so that: 

^ ~ (For noise arriving uniformly from all directions) (9) 

In the general case, eq. (8) includes all of the noise energy arriving at 
the antenna from all directions, i.e., the cosmic noise radiation arriving 
from the hemisphere above the antenna, from the hemisphere below the 
antenna after being reflected from the surface of the earth, as well as the 
thermal radiation from the imperfectly reflecting earth also in the lower 
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hemisphere. A physical representation of these components is shown 
in Fig. 15. To further illustrate this, we will divide eq. (8) explicitly into 
the three components representing: (1) the portion of the incident radia¬ 
tion arriving at the antenna directly from the direction 6,4>, (2) the por¬ 
tion of the incident radiation reflected from the ground and arriving at 
the antenna from the direction —0,4>, this component must be combined 
with the direct radiation with the appropriate magnitude and phase as 
determined by the gain of the antenna in the direction — 0,^, its height, 
h, above the ground and the ground reflection coefficient, R{d,4>), and 
finally (3) the portion of the thermal radiation received from the imper¬ 
fectly reflecting ground at the temperature Tg. When eq. (8) is divided 
in this manner we have: 


(1) Direct radia¬ 
tion term 


(2) Ground-reflected radia¬ 
tion term 


M 



(3) Ground i*adiation term 
+ G{~e,<i>)f{e,<l>')kTgB/\^ cos 6ded4> CB = 1) 


( 10 ) 


In the above 2h sin d/\ is the path length difference, expressed in wave¬ 
lengths, between the direct and ground-reflected waves and/(^,<j!>) is the 
fraction absorbed in the ground of the total radiation striking the ground 
from the direction 0,4>. The element of solid angle, dco, expressed in 
terms of the angles 6 and <j>, is equal to cos OdOdcl). The integration while 
taken only over a hemisphere, includes the total radiation arriving at the 
antenna from all directions. The portion of eq. (10) inside the absolute 
magnitude brackets is the expression for the directional pattern of the 
antenna for receiving cosmic noise; the solid models of antenna direc¬ 
tivity shown in Fig. 6 were obtained by evaluating 0,(^) 

for half-wave dipoles one-quarter wavelength above 
(a) a perfect ground and (b) an imperfect ground. With a perfectly 
conducting ground, R(0,<fi) is —1 a.nd is zero. 

It is interesting to consider the case of a directional antenna having a 
maximum gain, Gm, which is taken as constant over the angular area, 
Aco, of its beam wliere, by definition, we will take: 


AW 


~ steraclians 


( 11 ) 


In jjractice Aco is approximately equal to the angular area of the beam at 
half-wave power response.^® F'or these considerations, it is convenient 
to express the integral in eq. (8) as two terms, the first corresponding to 
integration over the major lobe of the beam, Aco, and the second being the 
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integral over the remainder of the antenna pattern. Then M may be 
written: 

M — l{d,4>)<,Aa) [ f G{6,4>')do} H-i [ f (?(0,^)£Zcd (12) 

J JAco J J4^n —Aco 


In the above equation /(0 ,<;!))(aw) and I(0,<^)(4r-A«) denote appropriate 
weighted mean values of I{6,4)) averaged respectively over the main beam 
Aco and over the remainder of the pattern 4x — Aco. Now consider the 
integral 


/L 


l(_0,(j)) AwGmdo) = I (0, <^) AuGm^O) 


(13) 


where Gm is the maximum gain of the antenna. This integral may be 
added and subtracted from the right hand side of eq. (12) without 
changing its value and we obtain 

M = I{9,4>) Au>Gm^(>) +l(0>^t>)Aa3 J [G(0,4) — Gm]dca 

+ i(0,^)47r-Aci} [ f G(6,<j))dci} (14) 

Since GmAu — 4x by definition, we see that /(0 ,^)am is numerically equal 
to M/4:t (when expressed as incident noise energy per steradian) if we 
neglect the two small correction terms involving the integrals; these are 
negligible, however, only for high gain antennas for which Aco is small and 
we have in general: 

1 (9,4>)Au — ^ 1(^)0) (Aw) y ■" ^m]do) 

—^i(0,<^))(4n--Aw) y 


In an effort to determine the frequency law of cosmic radio noise, 
there is shown in Fig. 16 the results of measurements made by several 
observers of the maximum received cosmic radio noise. In each case 
these maxima were observed when the maximum of the antenna beam 
was pointed approximately in the direction of the constellation Sagit¬ 
tarius and thus constitute an average of the noise from this direction plus 
that from other sources in the vicinity. 

The circled values plotted are the measured values of the mean 
incident noise/steradian, M/4:ir, which were obtainable directly from the 
measured antenna noise power, Na, received in a 1 cycle band simply by 
dividing by the wavelength, 'K, squared. According to eq. (13), these 
values of M are also very nearly equal to the incident noise power, 
I{6,4>)Aa, averaged over the area of the antenna beam Aco. In the case 
of the half-wave dipole measurements, however, the correction terms are 
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not negligible; thus, for the National Bureau of Standards measurements 
appropriate corrections have been applied which yield the estimates of 
Iid,<f>)Aco represented by the crossed points at 25 and 110 Me. The solid 
line through these estimates of l(d,<f>)Acc has a slope of —0.41 which is 
believed to represent the best presently available estimate of the expected 
variation with frequency for the intensity of the incident cosmic radio 
noise energy when expressed as a power law. It appears likely by Fig. 16 
that, if Jansky’s 1937 half-wave dipole measurements had been similarly 
corrected for ground absorption, they would have further substantiated 
this law. In the case of the other measurements, since the values of Aoj 



FREQUENCY IN MEGACYCLES 

Fig. 16.—Maximum received cosmic radio noise/sq. wavelength/steradian. 

are different, an average over variable amounts of the sky is involved so 
that they would not be expected to yield the correct frequency law. 
However, since for these measurements the values of Aw are all smaller 
than for the half-wave dipole measurements, they provide a more nearly 
correct estimate of the true maximum value of 1(0,0). The values of 
Aw shown in the figure have been computed from eq. (11); the values of 
Gm were calculated from the physical dimensions of the arrays using the 
empirical relations given by Alford and Clarke.^® Gm for the half-wave 
antenna over the ground was taken to be simply twice the maximum gain 
in free space, with no allowance for imperfect ground reflection. 

XIII. Intensity prom Small Noise Sources 

If 1(0,0) is negligible for all directions except those corresponding to 
the direction of a small source of area Aw*, then for such a small source in 
the direction 0,0 we obtain by integrating eq. (8) over Aw« 

M »» i(0,qi))Aw. X X watts/sq. m. in a 1 cycle band (Aco, < Aw) (16) 
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In terms of the effective temperature, Ts, of a black body source of 
area Aco*, the incident noise power may be expressed, according to 
Rayleigh-Jean’s law, as 

TT^Ao,, - ^ (B = 1) (17) 

When the above is substituted in eq. (16) we obtain for the expected 
value of the measured incident noise: 

^ ^ ^atts/sq. m. in a 1 cycle band (18) 

XIV. Observed Intensity of Radio Frequency Radiation from 

THE Sun 

For some time considerable interest has been shown in measurements 
of radio frequency radiation from the sun. However, wlien the intensity 
of the radiation to be expected from the area of the sun (Aco« = 6.8 X 10~® 
steradians) in terms of black body radiation at its optical surface tem¬ 
perature of 6000°K. is considered as given by eq. (17), extremely high 
gain antennas are necessary before the power received from the sun at 
radio frequencies is detectable in the presence of receiver noise. 

The first published measurements of s olar ra dio frequency noise 

radiation were those of Reber at 160 Mc.^ I{d,<l>)Acj 0 e determined from 
his results by using eq. (16) is approximately 350 times the expected 
black body radiation at this frequency for the sun at G()00°K. In 
making this determination the value of G was calculated from the actual 
physical area of Reber’s antenna using the empirical relation given by 
Alford and Clarke^®; Aco^ was taken to be equal to the value observed 
visually at optical frequencies, i.e., 6.8 X 10~® steradians. 

Pawsey, Pajme-Scott, and McCready in Australia have measured the 
quiescent average power radiated by the sun at 200 Me to be approxi¬ 
mately 170 times the expected value.The quiescent effective inten¬ 
sity^^ of the sun is mentioned to distinguish it from large bursts of noise 
from the sun, which are associated with bright chromospheric eruptions 
and the general increase in solar noise which accompanies large groups 
of spots on the sun. During these bursts, enhanced radiation 6 million 
times the expected black body radiation has been observed at 4.5 Mc.^® 

Southworth at the Bell Telephone Laboratories has measured solar 
radiation in the frequency range from 3000 to 24000 Me and has found 
the radiation to be approximately 5 times the expected 6000°K. value 
at 3000 and 10000 Me, but only of this expected value at 24000 Me, 
neglecting atmospheric absorption effects.^® Dicke and Beringer 
reported measurements, including an atmospheric absorption correction, 
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which correspond to If times the expected value at 240GG Mc.^o The 
results of these measurements of the quiescent radiation from the sun 
are shown in Fig. 17 together with the radiation to be expected from a 
black body with the visual area of the sun at an absolute temperature of 
600G°K. 



Frequency in Megacycles 

Fig. 17.—Measurements of radio frequency solar noise energy received in one polariza¬ 
tion from the quiet sun. 


To determine more accurately the source of the intense noise radiation 
from the sun at radio frequencies, the Australian experimenters have 
used, at 20G Me, the method illustrated in Fig. 18.^^ This same method 
is being used to investigate the small source of cosmic radio noise in 
Cygnus. A directional antenna with a high gain was located on a cliff 
overlooking the sea to the east so that the interference pattern of the 
antenna caused by the combination of the direct and ground reflected 
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waves was a series of lobes as shown. The antenna lobes were spaced by 
-I-®, which happens also to be the angle subtended by the sun. Under 
these conditions, if the radiated noise energy were spread out over the 
entire surface of the sun, very little change in receiver output would be 
noticed after the sun rose and was passing through the lobe structure, 
since the measured integrated intensity, weighted in accordance with the 
antenna gain, would be approximately constant. However, when the 
sun rose, especially when a large sunspot was on the sun, the receiver 
output was not constant but a series of maxima and minima were observed 
corresponding to the antenna lobe pattern. In other words, when a spot 
was in a position corresponding to a maximum in the antenna lobe 
pattern, a maximum noise output was obtained and when it was in a null, 



Fig. 18.—Australian, method for resolving the source of sun noise. 


a minimum was obtained. An analysis of the time of occurrence of these 
maxima and minima together with their amplitudes indicated that the 
noise was coming primarily from the direction of an individual sunspot 
or group of sunspots on the sun. In passing, it may be mentioned that 
information on the total refraction of these radio waves in passing through 
the earth^s atmosphere has also been obtained from these measurements 
on the sun. 

XV. Polarization of Extraterrestrial Radiation 

Observations of cosmic radio noise made up to the present time have 
not indicated that the incident noise energy has any systematic polariza¬ 
tion (plane, circular, or elliptical) but that it is apparently randomly 
polarized. Consequently, observations have in general been made, 
and the preceding analysis has been given, for the intensity of radiation 
incident upon an antenna sensitive to only one type of polarization. The 
form of the Rayleigh Jeans law given in eq. (17) also gives the intensity 
of the energy received in only one type of polarization. With randomly 
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polarized waves, the total incident energy will be twice the energy 
received with only one type of polarization. 

XVI. Origin of Cosmic Radio Noise 

The possible origin of cosmic radio noise has been a subject of much 
speculation. Two main schools of thought exist on the subject today. 
One is that the incident cosmic radio noise energy results from intense 
noise radiation from eruptions on all of the stars in the universe similar 
to those associated with sunspot eruptions observed on the sun.^^ The 
other is that the noise originates in the extremely dilute matter occupying 
the very extensive space between the stars and arises from the random 
collisions of ionized electrons and matter existing there. 

Greenstein, Henyey, and Keenan^® have argued that the density of 
stars is not nearly great enough to account for the radiation in terms of 
the radiation associated with sunspot eruptions similar to those observed 
on the sun. 

Townes^^ of Bell Telephone Laboratories has prepared the most 
recent review on this subject. He applies Kramers’®® classical derivation 
for the continuous x-ray emission produced by'bombarding nuclei with 
electrons to the assumed density and effective temperature of electrons 
in interstellar space to obtain the expected radiation. He points out 
that it is difficult to explain the observed radiation by this mechanism 
alone unless unusually high temperatures of the order of 100,000°K. are 
assumed to exist in interstellar space, having an electron density of 1/cc., 
whereas the generally accepted conditions of temperature are 10000°K. 
at a density of 1/cc. Townes also points out that Kramers’ theory 
predicts that the intensity will be independent of frequency at 

sufficiently high frequencies, and will vary as the square of the frequency 
at low frequencies. The National Bureau of Standards measurements, 
however, indicate that the intensity of the incident radiation decreases 
with frequency, at least in the 25 to 110 Me range. 

It is probable that both mechanisms mentioned above and possibly 
some others not as yet considered are responsible for the observed cosmic 
radio noise and at this point, the reader is referred to another recent 
summary®* and his own imagination. 

The fact that cosmic and solar radio noise is arriving at the earth 
with sufficient intensity to determine the lowest usable field intensities 
for radio communication services throughout a wide band of frequencies 
is now well established. It is extremely difficult to say just what other 
direct effects this relatively newly discovered phenomena may have on 
ourselves. However, it is clear that an entirely new approach to the 
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workings of the sun and the universe is open for investigation through 
the study of cosmic and solar noise. 
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I. Introduction 

Frequency modulation broadcasting is now a reality in dozens of 
communities throughout the United States. Within another year, the 
number of FM broadcasting stations actually operating will probably 
exceed the number of AM broadcasting stations which were operating 
before the war. The experience so far with this new broadcasting serv¬ 
ice has been very favorable. FM was expected to be superior to AM for 
broadcasting in two major respects: a greater potential audio frequency 
range of transmission and a greater potential volume range of transmis¬ 
sion due to a greater freedom from radio noise and interference from other 
radio stations. The potentially greater audio frequency range has been 
realized to a great extent already, and many additional improvements in 
this direction may be expected in the near future in view of the extensive 
work now in progress on audio frequency amplifiers and loud speakers. 
The potentially greater volume range of transmission with FM is due 
largely to the differences in the propagation in the FM and in the standard 
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AM broadcast bands. These propagation factors are the subject of this 
paper. 

In the first place, it is important to emphasize that it is not enough 
for FM to be a slightly better broadcasting service. It must provide a 
very greatly improved service. Otherwise, the public can scarcely be 
expected to support it. For this reason, the Federal Communications 
Commission has in the past taken the view that the standards of good 
engineering practice must be very much higher for this new service. 
In particular, interference from other AM broadcasting stations is con¬ 
sidered serious if it exists for more than 10% of the time while the corre¬ 
sponding tolerance with FM is only 1%. Using this higher standard, 
a discussion will be given of some of the things now known about FM 
broadcast propagation and mention made of some of the unsolved prob¬ 
lems to the solution of which future research might well be directed. 

II. The Interference Due to Long Distance Ionospheric 

Propagation 

It is a popular belief that propagation on the frequencies used for FM 
broadcasting is limited in range approximately to line-of-sight distances, 
and consequently to much shorter distances than in the AM broadcast 
band where the propagation is characterized by surface waves which 
follow the curved surface of the earth to distances well beyond the line- 
of-sight. This is true to the extent that high powered stations on clear 
channels are available for AM broadcasting but, in practice, several sta¬ 
tions are permitted to operate simultaneously on most of the AM chan¬ 
nels. The result is that the effective range of each such station is 
drastically reduced by mutual interference between the several stations 
occurring at night when conditions for long distance ionospheric trans¬ 
mission are favorable. A good example of this difference in propagation 
in the AM and FM broadcast bands is available at the author’s home in 
Washington, D. C. Radio Broadcast Station WING in Winchester, 
Va., a distance of about 50 miles from Washington, broadcasts the same 
programs on AM and FM. The FM broadcasts are satisfactory both 
day and night but the AM broadcasts are usable only in the daytime and 
frequently suffer such intolerable interference at night that the program 
cannot even be identified. Thus, the FM station provides service for 
more than 99% of the time at my home while the AM station fails to 
provide even a 90% service at distances greater than a few miles. Thus, 
it turns out that stations operating in the FM broadcast band should 
ordinarily be able to cover much larger areas than stations operating in 
the AM broadcast band, except in those cases where the AM stations 
enjoy the privilege of operating on a clear channel. The reason for the 
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Fig. 1.— Correlation of the median Washington noon maximum usable frequency for November with the smoothed sun¬ 
spot number. (Courtesy of Q.jS.T. Magazine.) 
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superiority of the FM frequency band in this case is the fact that the 
ionosphere will not support transmission on the VHF frequencies 88-108 
Me now in use for FM broadcasting. When the frequency of transmitted 
radio waves is increased continuously, a maximum frequency is finally 
reached above which the ionosphere no longer reflects the waves back to 
the earth; this maximum frequency is known as the maximum usable 
frequency and it is known to depend upon many factors, the principal 
ones being the distance between the transmitter and receiver, the geo¬ 
graphic and geomagnetic latitudes, the season of the year and local hour 
for the midpoint of the transmission path, and the solar activity. For 
transmission paths within the United States, the highest frequencies are 
reflected from the F layer of the ionosphere near the middle of the day in 
November at latitudes between 35 and 40°. Fig. 1 shows the very close 
correlation between these maximum usable frequencies and the solar 
activity as measured by the smoothed sunspot numbers published by the 
Zurich Observatory in Switzerland.^ The points plotted are the values 
of the monthly median maximum usable frequencies for November as 
determined by ionospheric measurements made near Washington, D. C. 
The separate points correspond to measurements made in successive 
years from 1935 to 1944 during which the sunspot activity varied on the 
Zurich scale from 10 to 110. The upper curve is for transmission over a 
2500-mile path while the lower curve corresponds to propagation at 
vertical incidence. 

Fig. 2 shows the variations of sunspot activity as determined by the 
Zurich astronomers for the past 200 years. This figure shows the regular 
cycle of solar activity with a period of approximately 11 years, together 
with the longer trend exhibited by a 49-year running average which 
smooths out the effect of the 11-year cycle. Fig. 3 shows the most recent 
variations in the monthly mean and the smoothed sunspot numbers; the 
smoothed sunspot numbers are moving averages for 13 successive months 
and are shown by the solid line. Also shown on Fig. 3 are several values 
of the smoothed sunspot number as predicted for the period near the 
coming maximum of sunspot activity; the McNish and Lincoln^ predic¬ 
tions were made by the statistical method in current use at the Central 
Radio Propagation Laboratory of the National Bureau of Standards in 
connection with the regular forecasts of high-frequency transmission 
conditions;* the Waldmeier^ prediction was made late in 1945; and the 
Stewart* prediction was communicated to the Central Radio Propaga¬ 
tion Laboratory in a note dated June 14, 1946. The points indicated 
by the triangles on Fig. 3 are known as ionospheric sunspot numbers and 
represent a measure of the sunspot activity obtained from the charac- 




, Aumism sm»dSGHAV m¥ mumsvit mmm/m. 
itosnsm *t4i i/3iB03idM mi m u3m(U0 n it a3H$ni(u $4 

SM3Bl4inN i(kiSNrS QSHJOOm HOtmz 


Secular variations exhibited by past sunspot cycles. (Courtesy of Q.B.T. Magazine.) 
















































Fig. 3. Recent values of sunspot activity with predictions for coming months. 

(Courtesy of Q.S.T. Magazine.) 


Having established the approximately linear relation between the 
maximum usable frequencies and the smoothed sunspot numbers shown 
1- if is possible to estimate the maximum usable frequencies which 
may be expected for other values of sunspot activity. In particular, 
since the highest sunspot number ever observed in the past was less than 
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160 we see that median values of the maximum usable frequencies are not 
likely to exceed 55 Me at Washington for any November in the 
future. It is interesting to note that the monthly sunspot activity for 
November 1947 was considerably higher than for any November since 
the invention of radio and consequently, it would be expected that the 
amateur 50 Me band would be useful for F layer East-West Coast con¬ 
tacts for the first time; this was, in fact, found to be the case.’’ Further 
details regarding these ionospheric phenomena are given in the forecasts 
of ionospheric propagation contained in the monthly publication of the 
Central Radio Propagation Laboratory of the National Bureau of 
Standards entitled “Basic Radio Propagation Predictions.”® 

In addition to the regular F layer ionospheric transmission just dis¬ 
cussed, sporadic ionospheric transmission may also take place by reflec¬ 
tion from local concentrations of ioni 2 ;ation which occur from time to time 
in the E region of the ionosphere. These latter transmissions are, in 
general, weaker and less predictable than the F layer transmissions, but 
are of equal importance, perhaps, as a source of interference to broad¬ 
casting because they occur every year and not just for the years near the 
sunspot maximum. 

Fortunately, the Federal Communications Commission recently 
moved the FM broadcast band from below 50 Me to its present position 
in the 88-108 Me band and thus practically eliminated the possibility of 
both F layer and sporadic E layer interference. A very few scattei'ed 
reports of long distance transmission in the 88-108 Me band have been 
received and these arc usually considered to be due to sporadic E layer 
reflections. However, experience to date indicates that ionospheric 
transmission may be expected in the 88-108 Me band for very much less 
than the 1 % of tlie time wliicli has been adopted as a measure of the 
permissilde interference to an FM broadcasting service. This absence 
of long distance interference is the principal difference in the propagation 
characteristics of FM and AM broadcasting frequencies, which makes 
possible much larger potential service areas 'with FM than wdth AM 
broadciasting. IJnfortunately, these tremendous potentialities of FM 
broadcasting arc not now being fully realized because of the necessity, in 
many rural and Huburl)iin receiving locations, for an adecpiate receiving 
antenna and a very scnsitivci receiver. 


III. The Effects of Radio Noise on BitoADCAS'r Reception 

The second major difference in the propagation eliarac.teriBtics of 
AM and FM broadcasts is the difference in the radio noise levels encoun¬ 
tered in the two frequency bands. There are two cases to consider. 
The first is man-made radio noise which is usually strongest in the built-up 
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city areas. Fortunately, the radio fields are usually also strongest in 
these same areas and this tends to overcome this type of interference. 
In this case, FM has the advantage over AM that the man-made radio 
noise intensity is usually weaker at these VHF frequencies. The worst 
man-made noise sources at FM frequencies are the ignition systems of 
automobiles, and it is encouraging to note that the auto manufacturers 
are at the present time giving serious consideration to the addition of 
noise suppressors as standard equipment. Such a step is obviously not 
only of great importance to the public generally, but it should also make 
the introduction of FM in auto radios a more successful venture. 
However, the greatest advantage of FM over AM as regards noise 
interference is found in suburban and rural areas where man-made noise 
is absent for a large part of the time. In these areas the noise that 
inherently limits reception is simply that due to natural sources such as 
atmospheric radio noise from thunderstorms in the troposphere and the 
cosmic radio noise originating in the interactions of matter in interstellar 
space together with direct radio noise radiation from the stars. The 
field intensities of atmospheric noise near their sources in the lightning 
flashes are known to vary inversely with the radio frequency and, as 
received, this atmospheric noise decreases with increasing frequency 
even more rapidly than this because of the more rapid rate of attenuation 
at the higher frequencies involved in propagation from the source to the 
receiver. Thus, in the FM frequency band atmospheric noise is only a 
factor during the very small percentage of the time that the thunder¬ 
storms occur in the immediate vicinity of the receiver, whereas in the AM 
frequency band atmospheric noise is the factor limiting the range of AM 
stations for nearly 100% of the time when a good receiving antenna and 
sensitive receiver are used for reception. It is this prevalence of atmos¬ 
pheric noise at AM frequencies which has led to the common use of small 
receiving antennas built in to the receiver for this frequency band; experi¬ 
ence has shown that little improvement in reception may be expected 
with the use of a more elaborate antenna since such an antenna collects 
additional atmospheric noise in direct proportion to the additional signal, 
with little improvement in signal-to-noise ratio. In the VHF band, on 
the other hand, the limiting range of reception is usually determined by 
radio noise generated in the high-frequency circuits of the receiver itself 
rather than from external sources so that an improvement in the receiving 
antenna results in an almost proportional improvement in output signal- 
to-noise ratio. 

In an effort to determine quantitatively just how important external 
noise sources are in the VHF and higher frequency bands, the Central 
Radio Propagation Laboratory of the National Bureau of Standards has 
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initiated, an extensive program of researcli along these lines. Some of 
the results of this work are presented by J. W. Herbstreit in this book; 
the results of particular interest in connection with FM reception are the 
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Fig. 4.— Field intensities required for satisfactory FM broadcast reception in the 
absence of tlumderstoraiB or maii-mado noise* Ass’unies tisc of rocoiver with a noise 
figure as in Fig. 3, '‘Maximum Range of a Radar Set/' IVoc, InzL Radio Engra., 
January 1947; transmission line loss, Lr 0,8; horizontal half wave dipole receiving 
antenna; and an intermediate frequency RMS signal to noise ratio of 12 dh; the 
external noise is assumed to bo cosmic noise varying in inverse proportion to the 2.4 
power of the frequency as observed at Sterling, Va.; intermediate frequency band¬ 
width «-150 ko. 


From the data given on those figures it is possible to determine the 
field intensities which would be required for satisfactory FM broadcast 
reception in the absence of thunderstorms or man-made noise, and these 
are shown on Fig. 4. The curves are based on the assumption that a 
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half-wave dipole receiving antenna is connected to a very good low-noise- 
figure receiver by means of a transmission line with a loss of 1 db. Two 
curves are given corresponding to the minimum and maximum recorded 
noise levels shown on Fig. 13, page 365. Fig. 4 indicates that 4 
micro volts/meter will provide a satisfactory FM signal for this receiver, 
which was assumed to have a noise figure of only 2.4 at 98 Me. Measure¬ 
ments on a small sample of FM receivers currently being offered to the 
public indicates that corresponding figures of required fields range from 
about 8 to 14 microvolts/meter; we see from this comparison that sub¬ 
stantial further improvements in receivers are both possible and desirable. 
Based on this discussion, it will be assumed in the remainder of this paper 
that 10 microvolts/meter is a good average figure to use for the field 
intensity required in quiet rural areas to provide a satisfactory FM serv¬ 
ice; the use of this figure implies that a fairly good receiver is used in 
conjunction with an outside half-wave antenna. 

IV. The Effects of Antenna Height anu Terrain on the Effective 
Transmission Range over a Smooth Spherical Earth 

The next topic to consider is the prediction of the distance from the 
FM transmitting antenna at which the minimum required field may be 
expected. This problem is truly a formidable one involving, as it does, 
the transmitting antenna height and gain, the nature of the intervening 
terrain, the frequency on which the transmissions take place, the dis¬ 
tribution with height of the refractive index of the air in the troposphere 
through which the radio waves must travel, and the height of the receiv¬ 
ing antenna. Here again the nature of the propagation of the ground 
wave in the AM and FM broadcast bands is entirely different. In the 
AM broadcast band the transmitting and receiving antennas are neces¬ 
sarily at heights less than a wavelength above the ground and the 
received fields are surface waves.^ The intensity of these surface waves 
is determined by the well-known Sommerfeld formula which shows that, 
at a fixed distance, the field intensity decreases in inverse proportion to 
the square of the frequency. On the other hand, in the VHF band, the 
transmitting and receiving antennas are usually elevated several wave¬ 
lengths above the ground and the received fields are space waves.® Tip 
to distances somewhat greater than line-of-sight these received VHF 
space wave fields actually increase in intensity with an increase in fre¬ 
quency. Thus, up to points slightly beyond the line of sight, the higher 
VHF frequencies tend to provide larger service areas. However, these 
conclusions are based on propagation over a smooth surface. Irregu¬ 
larities in terrain, including the bulge of the earth itself, have the effect of 
cancelling this advantage of the higher VHF frequencies since the 
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expected fields far beyond the line of sight decrease with increasing fre¬ 
quency. As a good first approximation to this problem of estimating 
FM coverage we can calculate the field intensities to be expected with the 
given transmitting and receiving antenna heights over a smooth spheri¬ 
cal earth surrounded by an atmosphere with a constant lapse rate of 
refractive index of 12 X 10"» parts/thousand feet, corresponding approxi¬ 
mately in field intensity calculations to the use of an effective earth’s 
radius four-third’s of its actual value. These smooth earth, standard 
atmosphere fields may be determined by the methods given in a recent 
paper by Norton;® for the FM broadcast band 88-108 Me they are also 
included in the Standards of Good Engineering Practice of the Federal 
Communications Commission. These smooth earth, standard atmos¬ 
phere fields must be corrected in individual cases to allow for irregularities 
in the terrain and the atmosphere which will always be present. The 
remainder of this paper deals with these variations. 

V. The Effects op Irregularities in the Terrain 

FM transmitting antennas are frequently erected in the built-up 
business areas of the city, and unless these FM antennas are higher than 
the buildings around them, the field intensities may be expected to be 
considerably below the values calculated by using the height of the 
antenna above the local terrain and the smooth earth theory. These 
differences are greatest at the shorter distances. On the other hand, if 
the antenna is substantially higher than the buildings in its vicinity, 
then the observed ground wave field intensities are ordinarily in good 
agreement with the predicted smooth earth values, especially at great 
distances, unless the terrain near the receiving antenna is very hilly or 
the intervening terrain is markedly different from the gradual curvature 
of the earth assumed in the theory. Considerable progress has been 
made in recent months on the development of a theory of propagation at 
short distances over very irregular terrain such as is often encountered 
in cities. However, although this theory is able to explain fairly well 
the results obtained by the Columbia Hroadcas1,ing Bystem in tlieir color 
television trials in the fiOO-TOO Me band, it is not expected tliat it can 
be applied to FM broadcasting since one of the essential assumptions in 
this theory would no longer apply at these lower freiiuencies. Probably 
the only satisfactory solution to the irregular terrain FM propagation 
problem will be achieved through a statistical study of field intensities 
recorded in mobile receiving stations. Extensive data of this kind for 
the present FM band are not available at this time. However, based on 
such measurements made in the vicinity of 40 Me, it would appear that 
the ground wave fields, except in very hilly or mountainous terrain, may 
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be expected to exceed one-fifth of the smooth earth ground wave values 
in about 99% of the receiving locations.® Consequently, if we increase 
the required field of 10 microvolts/meter by a factor of 5 and then deter¬ 
mine the distance to the 50 microvolt/meter ground-wave contour using 
the smooth earth theory, we may expect about 99% of the listeners at 
that contour to obtain a satisfactory FM service, provided an outside 
half-wave antenna and a sensitive receiver are used for reception, and 
provided the terrain is not unusually hilly or mountainous. 

When the terrain is hilly or mountainous, an improved estimate of 
the expected fields can often be made by using a different radius of the 
earth which more nearly simulates the average of the terrain between the 
transmitting and receiving antennas- This method will be explained 
later. 

yi. The Systematic Effects of Terrain and of Tropospheric 

Ducts 

At distances beyond 20 to 30 miles, in addition to the effects of 
irregular terrain, irregularities in the lapse rate of the refractive index 
of the lower atmosphere cause the received fields to vary from minute 
to minute, hour to hour, and seasonally, the amount of the field intensity 
variations increasing with increasing distance and decreasing somewhat 
with an increase in the antenna heights. In an effort to learn more in 
detail about the magnitude of these variations, continuous measurements 
have been made at the National Bureau of Standards of the field intensity 
of FM broadcast station WOOD at Richmond, Va., a distance of about 
100 miles. During the period of these recordings from June 10 to 
August 8, 1947, this station operated on 96.3 Me with an effective power 
of 4.6 kw in the direction of Washington. Fig. 5 shows the profile of the 
transmission path between Richmond and Washington. The details 
on an expanded height and distance scale of the profile at each end of the 
path are given in the upper part of this figure. The lower profile corre¬ 
sponds to the entire path. These profile diagrams have been drawn with 
an effective earth’s radius equal to four-thirds of its actual value in order 
to make allowance for the systematic effects of air refraction. The profile 
of the transmission path is of great importance in connection with esti¬ 
mating field intensities in the FM broadcast band. At great distances the 
received field intensities are dependent upon the curvature of the trans¬ 
mission path as determined by the ground profile, relative to the curva¬ 
ture of the radio ray path which, in turn, is determined by the lapse rate 
with height of the refractive index of the atmosphere. The curvature of 
the transmission path may be determined in the manner shown on this 
figure. Remembering that the radio waves are propagated through the 
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earth very poorly, it seems plausible that the effective value for the 
curvature of the earth to be used in estimating the curvature of the trans¬ 
mission path may be found by determining the arc of a circle (shown as a 
dashed line on the figure) which just grazes the earth at three points along 
the path, namely, at the two ends and at some point between. The 
curvature of this arc would thus be the effective curvature of the earth 
relative to which the radio transmission path is to be calculated; this can 
be determined by simple geometry from the heights above sea level, 
hx, hi, and hm of the three points along the transmission path, together 
with the distances, dx, dz, from the ends of the path to the intermediate 
point. 

Thus, if we write kpa for the radius of curvature of the equivalent 
smooth profile relative to which the actual transmission path is measured, 
in which a is the radius of the earth and thus the radius of curvature of 
the reference smooth spherical surface relative to which hx, hm, and hi 
are measured, then it is easy to prove that the ratio, kp, may be expressed; 

1 _ _ 2CL /hx ~~ hm I hz (1) 

kp d\dx dz ) 

If we express the three distances d, dx, and dz in miles and the three 
heights hx, hz, and hm in feet, then eq. (1) becomes: 



1.5 /hx hm I 



( 2 ) 


In the particular case of this Richmond-Washington profile, both hx and 
hz are larger than hm and the effective curvature of the earth for this 
transmission path was found to be about 6 % less than the average curva¬ 
ture of the earth; i.e., 1/kp = 0.94. It will be noted that the terrain 
near the Washington end of the path lies well below this effective spheri¬ 
cal surface. This would not be expected to influence to any great extent 
the received field intensities over this path, provided the bending due to 
air refraction is sufficiently small so that the curvature of the radio ray 
path is less than the curvature of the transmission path. It should be 
noted that the transmitting and receiving antenna heights are to be 
measured above this equivalent smooth profile. If the profile were 
lowered at the receiving end of the path the transmission path curvature 
would be increased but the expected fields would decrease only a little 
since this increased curvature would be largely offset by the fact that the 
effective receiving antenna height would then be larger. Presumably 
the proper position for the equivalent smooth profile is the one corre¬ 
sponding to the highest calculated values of the field intensity. This 
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proper position would, in general, be expected to depend upon the amount 
of bendmg of the radio rays due to air refraction. Such variations have 
not boon incliiclGci in tli© tli©or©tic&l fi©l(is to b© shown for this trans¬ 
mission path, the transmitting and receiving antenna heights being taken 
for purposes of calculation using the smooth earth theory, as fixed at 360 
feet and 30 feet, respectively, above the equivalent smooth profile shown 
on Fig. 5, and thus corresponding to the fixed value of = 1.06. 

Air refraction almost always has the effect of bending the radio rays 
downward so that the relative curvature between the ray path and the 
transmission path is reduced. Under some circumstances, this down¬ 
ward curvature of the radio ray path may be as great as or actually 
greater than the curvature of the equivalent smooth profile. In this 
case, the received fields would be expected to be as great as or greater 
than the fields over a flat earth. Fig. 6 shows the field intensities of FM 
broadcast station WCOX) as recorded on three successive days in August. 
On August 4, the station came on the air about 6:25 in the morning, the 
fields gradually increased throughout the day until a little after midnight, 
at which time the received field increased to a very much higher level and 
the fading, which had occurred at a fairly rapid rate during the day, 
decreased both in amplitude and frequency of occurrence. The arrow 
on this chart indicates the level of field intensity corresponding to 
propagation over a flat earth and we see that this level was exceeded for 
the half hour Just prior to 1:00 a.m., at which time the station went off 
the air. Presumably this favorable propagation condition lasted 
throughout the night since the fields were again very strong the following 
morning when the station began broadcasting at 6:25 a.m. A plausible 
theoretical explanation for these strong fields accompanied by a com¬ 
parative absence of fading is obtained if we assume that air refraction 
increased the curvature of tlie radio ray path at these times by an amount 
equal to or greater than the curvature of tlie transmission path. It is 
well known that the systematic effects of air refraction may be included 
in ground wave piopagation calculations by using an effective radius of 
the earth k times its actual value a. Thus if we consider that the radio 
frequency refractive index of the air, decreases at a uniform rate 
{(in/dh) with the height, h, above the earth, then the appropriate value 
of k may be determined by the following ecpiation: 


1 , a d/n 

k ^ n ’ 7ih 



For a standard atmosphere (dn/dh) ™ —12 X l()*"®/tho\isand feet so 
that fc == but the value of (dn/dh) required to increase the curvature 
of the radio ray path until it equals or exceeds the curvature of the earth 
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Fig. 6.—Field intensity of FM broadcast station at Eicbmond, Va. recorded at Washington, D. C. Frequency 96.3 Me; 
antenna power 2.3 kw; antenna power gain = 2 relative to a half wave dipole; distance 96.6 miles; transmitting antenna 
height 360 feet above local terrain; receiving antenna height 30 feet above local terrain. 
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is four times as large, i.e., ib = oo when {dn/dh) = —48 X 10-®/ 
thousand feet. Meteorological studies indicate that the radio frequency 
refractive index of the air cannot be expected to have this large a lapse 
rate throughout an extended height interval. However, lapse rates 
even larger than this frequently do occur over small height intervals and, 
at the high radio frequency here involved, these large changes in refrac¬ 
tive index have an effect on the propagation which is equivalent to a 
smaller change in refractive index occurring over a larger height interval. 
When these large changes in refractive index occur near the surface of 
the ground, a surface duct is formed which guides the radio waves around 
the curved earth. The theory of the guiding action of such ducts was 
developed during the war by several research workers in this country 
and in England, and the results presented on Fig. 7 are based upon the 
work of H. G. Booker, who was in the Telecommunications Research 
Establishment in England during the war and is now at Cambridge 
University. Fig. 7 shows the effectiveness of atmospheric ducts of 
various widths in reducing the curvature of the radio ray path or, what 
amounts to the same thing, in increasing the effective radius of the trans¬ 
mission path. The inset on this figure shows the meteorological charac¬ 
teristics of the surface duct for which Booker obtained a solution of the 


ground wave propagation problem; thus, this inset shows the refractive 
modulus, if, as a function of height. We see by Fig. 7 that, for atmos¬ 
pheric ducts with this shape, the required duct widths for trapping 
{k infinite) are greater than 1170 feet at 100 Me; larger values of duct 
widths are reciuired at lower frequencies for the same values of k in 
proportion to the factor The use of the ordinary ground 

wave theory* using the values of k determined by this figure, for calcula¬ 
tions of the fields to he expected in the presence of a duct does, of course, 
provide only approximat e results since, although it provides an accurate 
deterniinatiou ot tlie atf.enuation with distance, the lioight-gain functions 
will be increasingly inaccurate for the larger values of k. It is possible 
to obtain better results by using the more nearly exact solutions of this 
problem which are available in the literature. However, the 

engineers in the Technical Information Division of the Federal Communi¬ 
cations Commission luive discovered tliat the use of large values of h in 
the ordinary ground wjivc tlieory gives results which are in good agree¬ 
ment with the high values of field intensity ol)Sorved at VHF frequencies 
for small percentages of the time. Consc(ixiently, it seems likely that 
the connection shown hen-e Iks tween large values of k in the ordinary 
ground wave tluiory and tlie tfieory of propagation in ducts will be of 
considerable use in undxirstanding FM propagation. It is desirable to 
emphasize, of course, tliat resort to these more elalxorate duct theories is 
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Fig. 7. Expected field intensities in the presence of a Booker atmospheric 
duct may be calculated approximately by using spherical earth ground wave theory 
and an effective radius of the earth k times the actual value. (The effect of k is 
given explicitly in the paper by K. A. Norton, Proc. Inst. Radio Engrs., 2^, 623-639, 
Dec. 1941 as well as in F. E. Terman's Radio Engineering Handbook, McGraw Hill, 
New York, 1943.) 
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necessary only when the distances are large, and then only for that por¬ 
tion of the time when effective atmospheric ducts are present along the 
transmission path. For the overland propagation paths which are 



usually involved in frcciuency modulation broadcasting effective atmos¬ 
pheric ducts would bo expecte<l after the sun sets and the earth begins 
to cool the atmosphere. Under favorable circumstances, this cooling 
may continue througliovit the night with the result that a duct of great 
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width is formed and the received fields would then be expected to reach 
their peak values early in the morning before the sun has had an oppor¬ 
tunity to warm the earth and destroy the duct. The fields received over 
the Richmond-Washington path have been observed to have that general 
behavior. This is illustrated in Fig. 8 which shows the field intensities 
exceeded for various percentages of the total time during the period of 



Fig. 9.—Distribution of field intensities received at Washington, D. C. from PM 
broadcast station WOOD at Richmond, Va. from June 10 to August 8, 1947, inclusive. 
Frequency 96.3 Me; antenna input power 2.3 kw; antenna power gain = 2 relative 
to a half wave dipole; distance 96.6 miles; transmitting antenna height 360 feet above 
local terrain; receiving antenna height 30 feet above local terrain. 

recording from June 10 to August 8 for each hour of the day that the 
station was transmitting. The fields exceeded the flat earth level (as 
indicated by the dashed line at 79 microvolts/meter) for more than 10% 
of the time in the morning up to 9:00 a.m. and for more than 1 % of the 
time up until 10:30 a.m. In the evening the fields exceeded the flat 
earth value for more than 1% of the time after 5:20 p.m. and exceeded 
this level for as much as 10 % of the time during the latest hour for which 
recordings were available. 
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Fig. 9 shows the distribution of field intensities received over the 
Richmond-Washington path for all of the hours for which recordings 
were made. It should be noted that the 79 microvolts/meter to be 
exiiected over the path for a flat earth was exceeded for about 5 % of this 
total time. The 99% field was 5.4 microvolts/meter, indicating that an 
increase in antenna input power up to only 8 kw is all that would be 
necessary to bring this up to the 10 microvolts/meter considered to be 
required for 99% of the time for a satisfactory FM broadcast service 
in quiet rural areas. The signals received from Richmond were usually 
observed to be of broadcast quality, especially in the early morning hours, 
even in the presence of the rather high man-made noise level at the 
Bureau. 

The effective radius of the earth to be used in field intensity calcula¬ 
tions, when the curvature of the transmission path is different from that 
of the curvature of the earth, may be obtained by subtracting the curva¬ 
ture of the radio ray path from the curvature of the equivalent smooth 
profile and then using the resulting radius of curvature as the effective 
radius of the earth in the calculations. If we write hi for the ratio of this 
resultant radius of curvature to that of the earth, then this effective 
value, hi, may be determined by means of the following equation: 

kt /cp /c n dh d\dx ^ J ^ ^ 


This effective value, h, is the appropriate value to be used in the ground 
wave theory^ to include in the calculations the systematic effects of both 
air refraction and irregular terrain. On Fig. 9 kt denotes this ratio for 
the Richmond-Washington path and h denotes the corresponding value 
this ratio would have had, for the atmospheric condition considered, if 
the transmission had been over a path with the same curvature as that of 
the earth. Thus, for a standard atmosphere h = t, the corresponding 
value for the Richmond-Washington path is kt == 1.44 and the expected 
field over tliis path is 1.6 microvolts/meter. This value is not shown on 
the figure since the received field exceeded this value for nearly 100% of 
the time. The value of h recpiirod for fiat eartli propagation over this 


path is only 17.G compa.red to the infinite value which would have been 
refpured over a transmission path for which the equivalent smooth 
profile lias a curvature ecpial to that of the earth. Thus, we see that 
comparatively small changes in the propagation path profile have the 
effect of modifying considerably tlie atmosplieric gradients required for a 
given fiehl intensity. A value of k ~ 17.6 corresponds, by Fig. 7, to a 
duct width of 675 X (100/96.3)® = 692 feet on 96.3 Me and we conclude, 


since 


t he flat eartli fields over this path wcu’o exceeded for 5% of the time 
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that atmospheric ducts with effective widths in excess of 690 feet were 
present for as much as 5% of the time. Adequate meteorological data 
are not available to substantiate this conclusion but such duct widths 
are not unreasonable; however, for the particular changes in refractive 
index implied by this particular model of refractive index vs. lieiglit (as 
defined in the inset on Fig. 7) a duct width of 690 feet corresponds to a 
decrease of 26 M units from the surface up to the lieiglit at which the 
minimum occurs and this is probably much too large. This would sug¬ 
gest that some other model for the refractive index distribution might 
be more appropriate however, the presently available information 
on the meteorology of the troposphere is insufficient for a quantitative 
solution to this problem in any case and this is the reason for our adoption 
of the simple parameter A: as a measure of the systematic bending due to 
air refraction, instead of resorting to the more elaborate although more 
exact duct theories. 

VII. The Tropospheric Waves Resulting prom Replection at 

Atmospheric Boundary Layers 

From what has been shown so far, it might be assumed tliat the 
received fields in the FM band at great distances can always be explained 
in terms of a difference in the curvature of the radio ray patli anti the 
transmission path. Unfortunately this is not the ease, as we see on Fig, 
10 where we have shown field intensity vs. distance curves f(»r 46.7 Me 
and for various assumed values of varying from 1.2 up to an infinite 
value, the latter corresponding to fiat earth propagation. Also shown 
on this chart are the field intensities of Station WABCLFM in New York 
City, exceeded for various percentages of the time, as measured at 
Princeton, N. J.; Andalusia, Pa. and Laurel, Md. The data at I^rinceton 
were obtained by RCA while the data at the other two receiving locations 
were obtained by the Federal Communications Commission, l^wo things 
should be noted. First, the high 1 % measured fields are in ihe^ luughbor- 
hood of the field expected over a flat earth. Second, the tH) and 99(7 
fields as measured at Andalusia lie far below the theoretical ground wave' 
curve for Ajf = 1.2 which is the lowest value consistent witli tlm known 
characteristics of the lower atmosphere. It miglit l>e assumed that, this 
behavior of the 90 and 99% fields could be explained as being due to 
terrain irreplanties along this particular path, but, aside from tlm fact 
- ^-1 ^ nothing unusual about this path, measurements made at 
similar distances on other paths demonstrate that tlie 99 %< fiehl always 
lies below the expected ground wave fields in this intermediate range of 
distances. Fig. 11 presents a set of theoretical curves whicli do have 
the proper shape to agree with the experimental data. Five theoretical 
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Fio. iritciiBity of FM broadcast station WABC-FM in New York City 

recorded at Princeton, N. J.; Andalusia, Pa. and Laurcd, Md. from Aug. 8 to Sept. 13, 
1945; 271 simultaneous hours of recording between 6-10 a.m. and 3-11 ikm. inclusive. 
Frequency 46.7 Me; data and theoretical curves biised on 1 kw radiated from a half 
wave dipole; transmitting antenna height 780 feet above local terrain; receiving 
antenna height 30 feet above local terrain. 
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Tig. 11.— Field intensity of FM broadcast station WABC-FM in New York City 
recorded at Princeton, N. J. j Andalusia, Pa. and Laurel, Md. from Aug. 8 to Sept. 13, 
1946; 271 simultaneous hours of recording between 6-10 a.m. and 3-11 p.m. inclusive. 
Frequency 46,7 Me; data and theoretical curves based on 1 kw radiated from a half 
wave dipole; transmitting antenna height 780 feet above local terrain; receiving 
antenna height 30 feet above local terrain. 
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curves are given corresponding to the five percentages of the time 1 %, 
10%, 50%, ^0% and 99% for which the experimental data are given. 
These theoretical curves were obtained by means of a tropospheric wave 
theory, the details of which were presented at a Federal Communications 
Commission hearing on March 18, 1940.^^ According to this theory, 
these tropospheric waves are reflected at various levels in the troposphere 
at which there are assumed to be more or less abrupt discontinuities in 
the distribution with height of the index of refraction. 

This tropospheric wave theory^® is very similar to the theory com¬ 
monly used for calculating the intensities of downcoming ionospheric 
wavesthus the spherical earth ground wave theory is used for calculat¬ 
ing the intensities of the waves to be expected at the point of reflection 
in the troposphere. Next a coefficient of reflection at the troposphere 
is determined and finally, by assuming a new source at the point of reflec¬ 
tion in the troposphere, the spherical earth ground wave theory is again 
used for calculating the attenuation of the reflected waves during propa¬ 
gation from the troposphere to the receiving antenna. 

In calculating the coefficient of reflection at the troposphere the 
discontinuities in index of refraction are assumed to occur over a height 
interval very much smaller than the wavelength in which case the reflec¬ 
tion coefficient is independent of the frequency. Epstein^® has solved 
this reflection problem for changes occurring over a finite height interval 
and this solution is shown graphically in a recent paper by Smyth and 
Trolese.^® As might be expected, the intensity of reflection decreases at 
the shorter wavelengths as soon as the wavelength becomes comparable 
to or smaller than the height interval involved in the discontinuity of the 
index of refraction; however, when conditions are favorable for large 
amounts of systematic bending, i.e., large values of fc, the angles of 
incidence at the various tropospheric layers may become less than the 
critical angle and the reflection will become complete irrespective of 
the frequency. There is some experimental evidence that these tropo¬ 
spheric wave-reflection coefficients are smaller at the higher frequencies; 
for example, the field intensities received from FM broadcast stations 
at very large distances (greater than 150 miles) are stronger in the 40-50 
Me band than in the 88-108 Me band.^^ This difference is most readily 
explained by assuming that the discontinuities, AM*, in index of refraction 
occur over an interval of height of the order of 10 feet or more and that 
the individual values of AM Hire too small to produce total reflection at 
the angles of incidence ordinarily involved:^® under these conditions the 
tropospheric layer reflection coefficient would decrease in intensity with 

increasing frequency in tins frequency range. 

In the F.C.C. paper referred to^® methods of calculation were given 
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for the waves reflected from single discontinuities at particular heights, 
A study of meteorological data indicates that many small discontinuities 
in refractive index are simultaneously present in the atmosphere, being 
distributed over a wide range of heights from the earth’s surface up to 
heights of ten^ or twenty thousand feet. Reflected tropospheric waves 
may be expected from each of these discontinuities at various distances 
along the propagation path and, since the lengths of the individual 
propagation paths for these various waves will differ by several wave¬ 
lengths we may expect these individual tropospheric wave components 
to arrive at the receiving point with random relative phases. The 
heights of the discontinuities are probably continually varying and 
this will cause the relative phases of the separate wave components to 
change with time; thus the resultant downcoming tropospheric wave (the 
vector sum of the component waves) will vary in amplitude over a wide 
range. This is believed to be the cause of the rapid changes in intensity 
which occur from minute to minute in a downcoming tropospheric wave. 
The distribution of the intensity of such a tropospheric wave with time 
is given by the Rayleigh distribution.If we write P for the per¬ 
centage of time that the field intensity, E, of the resultant downcoming 
wave is exceeded, we obtain by the use of Lord Rayleigh’s theory; 

P = (5) 

-j- . . . -f- •+• • • • 

-f- (6) 

Et^ ^ {Eo^Uy = (PoAilfi)2 4- . . . -f (PoAMi)2 + . - - 

+ (PoAM,.)2 (7) 

In the above on denotes the phase of the component wave and is 
assumed to be random relative to the others; Eo denotes the expected 
tropospheric wave field intensity for a single discontinuity of refractive 
index A?i = 10“®, so that Eo^Mi is the intensity of the component 
which is assumed to have been reflected at a discontinuity of amount 
An = AM* • 10“®. We see by eq. (7) that, according to the Rayleigh 
theory, AM is the root-sum-square value of the m discontinuities AMt. 
It may be shown^® by means of eq. (5) that Et is the root-mean-square 
value of the resultant downcoming wave and that the median value of 
this downcoming wave, P 60 % — 0.8326 Et> Eq. (5) provides an accu¬ 
rate representation of the intensity distribution of a composite wave, E, 
as defined by eq. (6), whenever m is large (> 4 or 5) and when each 
component wave is much smaller than the root-sum-square value of all 
of the waves, i.e., (AMi)^ (AM)^. Such conditions would be expected 
in tropospheric wave propagation problems in most cases. However, 
on the West Coast of the United States a very large and more or less 
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permanent reflecting tropospheric layer has been discovered^® and the 
value of AMi corresponding to this layer might frequently be larger than 
the root-sum-square value for the coexisting smaller layers; calculations 
in this case can be handled in the manner described below for adding a 
ground wave to a Rayleigh distributed tropospheric wave. 

At great distances, such that the mean square value of the downcom¬ 
ing tropospheric wave, JS'oAAT, is large compared to the ground wave, Eg, 
the above theory may easily be generalized to give the expected over-all 
distribution of the intensity of a ground wave plus the tropospheric 
waves. Thus we simply add a term to eq. (6) and a term 

Eg^ to both sides of eq. (7) so that eq. (5) becomes: 

p = (Eg « Et) (8) 

Since the simple Rayleigh distribution (8) is applicable only at large 
distances, and since no expression, comparable in simplicity to eq. (8), is 
available when Eg is comparable to or larger than Et, the solution to this 
latter problem is given graphically in Fig. 12. 

Using the methods referred to®’^® for computing Eg and Et, and the 
above theory for combining these waves with random relative phase, 
the five theoretical curves shown in Fig. 11 were obtained; these corre¬ 
spond to a root-sum-square value of the several discontinuities in the 
index of refraction An — 15.10~®, these discontinuities being assumed to 
occur over a range of heights with a mean value of 1.5 km. This value 
of An is required for a height interval small compared to the wavelength; 
larger values would be required if the changes occur over a larger height 
interval.^®’'® The curves for the various percentages of the time were 
obtained by combining with random relative phases the ground wave 
for a value of /c ~ -f with the individual waves from the several discon¬ 
tinuities. The good agreement between the experimental data and the 
theoretical curves for tlie 90 and 99% levels is quite evident. Still 
better agreement could have been obtained by calculating the expected 
tropospheric waves for several different layer heights, and then adding 
these resulting waves with random 'relative phase. Since the reflecting 
tropospheric layei’s are known to occur over a range of lieights, the higher 
ones being more favorable for long distance propagation, and conversely, 
the lower layers favoring shorter distance propagation, the use of a 
combination of layer heights would increase the tropospheric wave 
intensities somewliat, relative to the values given both at small and at 
large distances, thus providing an improved fit to the experimental data. 
It will be noted that the 1 % measured field lies well above the 1 % 
theoretical tropospheric layer field. This is to be expected since we have 
already seen in Fig. 10 that these high fields are very probably due to a 
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large increase in tlie systematic bending of the ground wave. Still 
further evidence in favor of this assumption is the fact that the fading, 
which would be expected with tropospheric waves, is not present to any 
marked extent when the received fields are very strong. This may be 
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Fig. 12. —The expected distribution of the intensity of the resultant of a ground wave 

combined with a Rayleigh distributed sky wave. 

understood by noting on Fig. 12 that the fading range is small when E, 
becomes large relative to Bt. 

VIII. The Combined Effects op Ducts and op Random 

Tropospheric Waives 

Fig. 13 shows the fields to be expected in summer months on 98 Me 
as calculated for a smooth earth using a combination of the theories out- 
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lined above. The results on this figure are for a transmitting antenna 
height of 1000 feet and a receiving antenna height of 30 feet. It is the 
99% field which determines the service range of an FM station and we 
see that this field decreases very rapidly with distance between 40 and 


ipoopoo 

SOCVDOO 


The 1% and 10% curves are smooth earth ground woves 
for .effective volues of the earth's radius 10 and 5^ res¬ 
pectively, relative to the actual radius. The 90% and 99% 
curves arc determined by adding tropospheric wovesCcaH 
culated fora mean tropospheric layer height of 1,5kilometers 
and a root-sum-square volue of «I5) to the smooth eorth | 
ground wave for Hi *4/3 
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Fig. 13.—B'iekl iiitoimity vs, distance' expected in snnniK'r nionihe on 98 Me for the 
percentages of the time shown. Transmitting antenna h(dght IDOO fetii; receiving 
antenna height 30 feet; 1 kw radiated from a half wave dipole. 


70 miles. Similar results are given on Fig. 14, hut- now for a transmitting 
antenna height of only 100 feet. In tins case, tluj fading occurs at much 
shorter ranges, the precipitous drop in field intensity occurring now in 
the range from 20 to 30 miles. There are several ways in which the 
theoretical curves given on Figs. 13 and 14 may l>e improved. For 
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example several tropospheric layer heights should be used simultaneously 
as already suggested; also the intensities of the tropospheric waves should 
be calculated for various values of A* so as to include the effects of sys¬ 
tematic bending on the tropospheric wave intensities. Until such time 



50 70 lOO 


200 500 500 


DISTANCE IN MILES 

Fig. 14.—Field intensity ws. distance expected in summer months on 98 Me for the 
percentages of the time shown. Transmitting antenna height 100 feet; receiving 
antenna heiglit 30 feet; 1 kw radiated from a half wave dipole. 


as more experimental data become available such refinements in the 
theory are probably unwarranted. 

IX. The Calculated Service and Interference Ranges op FM 

Broadcast Stations 

Fig. 15 gives the expected summer month service ranges for FIVI 
broadcasting stations as determined by the theoretical curves on Figs. 13 
and 14. The summer month conditions are given since the variations in 
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S3im m 30NVj.$io 

Fig. 15. Summer month service ranges for FM broadcast stations. Also shown 
are the separations, between stations operating on the same channels and with the 
same effective power and antenna height, required to prevent interference at the 
service range for more than 1 % of the time. 
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the received fields are greatest during this period. During the winter 
months, the air is systematically much drier and this has the effect of 
greatly reducing the radio propagation variations occurring during these 
months. We see by this figure that service to a distance corresponding 
to line of sight is possible with an effective power of about 1 kw. Effec¬ 
tive powers up to as much as 1000 kw can probably be obtained with 
facilities now available by using an antenna with a power gain of 20 in 
conjunction with a 50 kw transmitter j the use of this much power will, as 
shown on Eig. 15, provide a satisfactory service to distances several times 
the distance to the horizon. The service ranges shown are the expected 
50 microvolt/meter contours of the field intensity exceeded for 99% of 
the time at a height of 30 feet above a smooth earth. The use of the 50 
microvolt/meter smooth earth field rather than the 10 microvolts/meter 
actually required in rural locations makes allowance for a 5 to 1 reduction 
in field intensity from the smooth earth values which may be expected in 
some locations due to irregularities in terrain along the transmission 
paths.® The service ranges are given for two transmitting antenna 
heights, the dashed curve being for a 100-foot height while the solid curve 
corresponds to a 1000-foot transmitting antenna height. 

Also shown on this chart are the separations between identical 
co-channel stations required to reduce the time of mutual interference 
between these stations at their 50 microvolt/meter service contours to 
less than 1 % as determined from the theoretical curves on Figs. 13 and 
14. In determining these required distance separations, interference 
was considered to exist whenever the desired smooth earth field was less 
than 10 times the undesired smooth earth field; the use of a factor of 10 
rather than the factor 2, which is sufficient on some receivers for rejecting 
an undesired cochannel FM signal, makes allowance for a 5 to 1 devia¬ 
tion from the calculated smooth earth ratio of the fields which may occur 
in some locations owing to differences in the irregularities in terrain 
along the transmission paths from the desired and undesired stations.® 
In determining these required distance separations it was also assumed 
that there would be no correlation in the fading between the desired and 
the undesired signals. Some correlation undoubtedly does exist with 
either high or low fields occurring together rather than independently 
for the desired and undesired signals so that the distance separations 
shown may be slightly greater than would actually be required. 

Those familiar with the FM allocation practices of the Federal Com¬ 
munications Commission will notice that the distance separations here 
indicated as being necessary have not always been maintained in prac¬ 
tice. This is not necessarily undesirable and merely means that a higher 
level of field intensity is being protected against interference. This may 
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be understood best by noting that a similar increase in power for both 
the desired and the undesired stations will not change the ratio of their 
fields at any receiving location and thus will not modify the areas within 
which each station is able to provide service free from interference for 
99% of the time; an increase in power for both stations will simply 
increase the field intensity at this service contour in proportion to the 
square root of the ratio by which the power is increased. Consequently, 
if a determination is desired for the distance at which a 1000 microvolt/ 
meter field intensity may be expected for 99% of the time for a 20 kw 
station with a 1000-foot transmitting antenna height, the distance is 
determined on Fig. 15 corresponding to an effective power lower in 
proportion to the square of the field intensity ratio = 400, i.e., 

for 20 kw/400 = 0.05 kw; the expected 1000 microvolt/meter contour 
for such a 20 kw station is, by Fig. 15, about 40 miles, and a similar 
20 kw station at a distance of 150 miles would not be expected to cause 
interference at the 1000 microvolt/meter contour for more than 1% of 
the time. Fig. 15 may also be used to determine the field intensity con¬ 
tour and distance at which interference-free service may be expected for 
99% of the time when the distance to an interfering station operating 
with the same effective power and antenna height is known. Thus, sup¬ 
pose that such an interfering station is operating with an effective power 
of 20 kw with a lOOO-foot antenna height at a distance of 200 miles; this 
distance corresponds, b y F ig. 15, to a power of 1.25 kw so that a field 
intensity of 50 X •\/207I.25 == 200 microvolts/meter is being protected 
against interference, and intcrference-frce service may be expected for 
99 % of the time out to a distance of 53 miles. 


IX 


The 


Efficient 


Ai;looation of Facii/ities to FM Broadcast 
Stations 


If we define the most efficient utilization of a single FM channel 
to be that corresponding to an allocation of stations which will be capable 
of serving the maximum percjcntage of a given area in wliicli it is desired 
to furnish radio service, then it can be shown that all of tlie stations 
allocated to that channel sliould l)e placsed at equal distances from each 
other on a triangular lattice, the reipared optimum separation being 
shown on Fig. 15. Furthermore, each station should have the same 
power and antenna height, and these sliould be as large as it is possible 
to make them. The reason for the latter statement is not obvious but 
can be determined from t.he data on Fig. 15. Thus, tlie total area of the 
triangular lattice is proportional to the stjuare of tlie distance separation 
given on Fig. 15 while the total area served is proportional to the square 
of the service range also given on Fig, 15. The percentage of the total 
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area served is therefore directly proportional to the square of the ratio 
of the service to separation distances given on Fig. 15. It will be noted 
that this ratio increases with increasing antenna height and with increas¬ 
ing power. As an example of the much more efficient channel utilization 
possible with high powered stations employing high antennas rather 
than lower powered stations with lower antennas a determination was 
made of the percentages of a given large area which it is possible to 
serve in several cases. These percentages are given in the table. It is 


Table I. Idealized allocation of similar FM stations for serving a large area such 

as the United States. 


Effective power (kw) 

1 

10 

100 

1000 

10,000 

Antenna height (ft.) 







100 

1000 

100 

1000 

Service range (mi.) 

24 

52 

1 

28 

60 

36 

67 

78 



157 

Separation distance (mi.) 





176 

256 

240 

320 

303 

410 

Percentage of total area capable of 
being served by a single channel 
(%) 

12 

25 

13 

25 

16 

25 

38 

37 


78 

Approximate number of channels 
required to provide a single serv¬ 
ice to the entire United States 

10 

51 

10 

5 

8 

i 

5 

4 

41 

3 

2 

Approximate number of stations 
required to provide a single serv¬ 
ice to the entire United States 

4110 

889 

3070 

637 

1 

1810 

535 

486 

273 

228 

83 


important to notice that the efficiency of the allocation, as measured by 
the percentage of area capable of being served by a single channel, 
increases with increasing antenna height much more rapidly than it 
increases with power. The efficient utilization of FM channels would 
thus appear to be promoted best by the utilization of the highest trans¬ 
mitting antennas available. In this connection, it would appear that 
“stratovision,’’ i.e., the system of broadcasting involving transmission 
from aircraft cruising in the stratosphere, might well offer considerable 
advantages. 

XI. The Optimum Frequency for an FM Broadcast Service 

In view of the controversy over the recent decision of the Federal 
Communications Commission to change the FM band from its former 
position in the spectrum, 42-50 Me to its present position, 88-108 Me, it 
is considered desirable to outline briefly some of the technical factors 
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involved. In considering this problem it is necessary to take into account 
the effective service ranges to be expected when more than one FM sta¬ 
tion is permitted to operate on the same channel simultaneously. In 
fact the demand for FM facilities has been so great that it has sometimes 
been necessary to allocate stations to the same channel even at shorter 
separations than those indicated as desirable on Fig. 15. The Justifica¬ 
tion for this practice has already been discussed; it appears to be a prac¬ 
tical solution in those populous areas of the United States where the 
demand for facilities exceeds the number available. However, in less 
populous areas, where the economic situation is such that only a very 
few stations may be operated at a profit, it is desirable to choose a band 
of frequencies for FM such that the maximum possible interference-free 
service areas may be realized so as to provide the rural listeners, now most 
in need of an improved broadcast service, with the benefits of this new 
system of broadcasting. From this point of view the choice made by 
the Federal Communications Commission of the higher band of fre¬ 
quencies becomes quite clear. 

The expected service and interference ranges for FM stations are 
shown as a function of the radio frequency (Fig. 16) for stations with 
an antenna height of 500 feet. It has been assumed on Fig. 16 that rural 
service will be available out to the distance over a smooth transmission 
path at which the field received on a 30-foot receiving antenna exceeds 
50 microvolts/meter for 99% of the time. A field of 50 microvolts/ 
meter has been assumed, rather than the 10 microvolts/meter actually 
required for service with typical receivers, in order to allow for the addi¬ 
tional reduction in received field to be expected on some transmission 
paths as a result of irregularities in the terrain. The liorizontal dashed 
lines on Fig. 16 represent the calculated aervi(;c ranges for stations 
operating with effective powers of 1, 10, 100 and 1000 kw. The service 
ranges at 98 Me were estimated from Fig. 15 l)y interpolal-ion between 
the ranges given for 100 and 1000 foot antennas, d'ln^se scrvic.e ranges 
were then assumed to be approximatc'ly ai)i)lie.al)k'; f/hrouglmut tins 
frecpiency riinge sincie the t.}ieor<‘ti(^al a.nd (‘X|)erimental data available 
at the present time are insufficient to dettu*inint‘ just liow much, if any, 
variation in range exists. 

The available experimental dat.a will be considered first. Clarnahan, 
Aram, and Classen reported'^* mcjisurements on 45.5 and 91 Mo made 
simultaneously over a 76-mile path l>etween Hiehfiesld, Wis. and Deer¬ 
field, Ill. The transmitting antennas were at InVights of 50B feet on 45,5 
Me and 468 feet on 91 Me above tlie average elcjvation along tlie t»rans- 
mission path. The measurements were made continuously from 11 a.m. 
to 11 p.M. during the period from July 20 to Beptember 21, 1915. Their 
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E Power required forSOjuv/m over the Richfield, Wisconsin to Deerfield, Illinois path 



■ FREQUENCY IN MEGACYCLES PER SECOND 

Fig. 16 . The effect of frequency on the expected rural service and interference 
ranges for FM broadcasting stations. Transmitting antenna height, 500 feet: 
receiving antenna height, 30 feet. 


POWER INPUT TO THE ANTENNA x ANTENNA GAIN 
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Fig. 10^^ shows that an effective power of 350 kw would be required at 
45.5 Me, and 8500 kw would be required at 91 Me in order to provide a 
field of 50 microvolts/meter for 99% of the aforementioned period of time 
over this path. These two points are given on Fig. 16 for comparison 
with the calculated ranges. 

E, W. Allenhas reported measurements made at Princeton, N. J.; 
Southampton, Pa. and Laurel, Md. of simultaneous transmissions on 
47.1 and 106.5 Me made available for this purpose by the Bamberger 
Broadcasting Service, Inc.; the distances to these three receiving stations 
were 45, 68 and 186 miles, respectively. The transmitting antennas for 
both frequencies were 570 feet above the street in New York City and 
the recordings were made daily except Saturdays from 8 a.m. to 12 
midnight during the period June through October 1946. From the 
data shown on Fig. 5 of the Allen report^’’ it is possible to estimate the 
distance at which 50 microvolts/meter would be exceeded for 99% of 
the time when either 100 or 1000 kw is used on 47.1 Me and with 1, 10, or 
100 kw on 106.5 Me; these ranges are given on Fig. 16 for comparison 
with the calculated ranges. 

Finally, from the data shown on Fig. 9 a determination can be made 
of the effective power required over the Richmond-Washington path to 
provide a 50 microvolt/meter field for 99 % of the time at the Bureau of 
Standards receiving station; this was found to be 400 kw and is shown on 
Fig. 16. All of the points plotted on Fig. 16 represent measurements of 
field intensities over comparatively smooth transmission paths and con¬ 
sequently are suitable for direct comparison with the calculated service 
ranges indicated by the horizontal dashed lines. It is important to 
recognize that only one twenty-fifth as much power would be required 
over these particular transmission paths in order to provide the 10 
microvolts/meter for 99% of the time, which is the actual field intensity 
necessary for service with typical receivers; thus, in particular, an 
effective power of only 16 kw would be sufficiemt to provide satisfactory 
service at 96.3 Me over the 96.6 mile Richmond-Washington path. This 
extra factor of 25:1 in power has been introduced as already explained in 
order to provide service to those listeners wlio live in locations at the 
same distance but with more \infavorable conditions of terrain along the 
transmission path. 

A study of Fig. 16 indicates the need for additional experimental data 
before safe conclusions can be drawn as to the reliable service ranges of 
FM stations; in particular, although the Richfield-Deerfield path meas¬ 
urements indicate that more power is retiuired on the higher band for 
service at the same rangti, tlie New York to Baltimore data indicate that 
larger reliable service ranges are to be expected on tlie higher band when 



418 


KENNETH A. NORTON 


the same effective power is used. It is believed that at least a part of the 
observed differences on these two transmission paths is due to systematic 
differences in tropospheric propagation; thus, the Northeastern path is 
known to be characterized by slightly higher values of surface refractive 
index than the Midwestern transmission path, and may be subject to 
considerably different M gradients. 

Since the available experimental data are inconclusive as to the 
expected variation of service range with frequency, it is desirable to see 
what light may be thrown on this question by the theory. Over a flat 
earth the received field intensity at great distances is directly proportional 
to the frequency; however, when obstacles, including the bulge of the 
earth itself, are present along the transmission path, additional attenua¬ 
tion is encountered and this is higher on the higher frequencies. Thus at 
distances far beyond the line of sight, the ground wave field intensities 
expected over a smooth spherical earth are actually greater on the lower 
frequencies.® However, two effects of the troposphere have been identi¬ 
fied and these are expected, on theoretical grounds, to change in opposite 
directions as the frequency increases. Thus, surface ducts in the lower 
atmosphere are, according to Fig. 7, more effective at the higher fre¬ 
quencies in guiding the ground waves around the bulge of the earth. On 
the other hand the waves reflected at tropospheric boundary layers tend 
to be more completely reflected at the lower frequencies and this may 
result in stronger fields being received on the lower frequencies at the 
very great distances where these tropospheric waves are known to pre¬ 
dominate; in this connection, however, it should be remembered that the 
propagation to and from the tropospheric boundary is often more favor¬ 
able on the higher frequencies and this may result in a cancellation of 
the effects of the stronger reflection coefficients at the lower frequencies. 
The final conclusion to be drawn from these influences must await further 
data to evaluate the relative magnitude of these conflicting factors. 
Nevertheless, on the basis of the data and theories now available, it is the 
author’s opinion that less power will be required on the higher frequencies 
on most transmission paths to produce the same field intensity (exceeded 
99% of the time) at least up to distances of the order of 50 to 70 miles 
and, as will become evident in what follows, larger service ranges than 
this cannot be established on the lower band in any case because of long 
distance ionospheric interference. 

It is rather surprising at first glance to note the much lower rate of 
attenuation of field intensity (exceeded 99% of the time) in the range 
from 60 to 95 miles as compared to the rate of attenuation in the range 
from 45 to 60 miles. Thus on Fig. 16 a 100 to 1 increase in power from 
1 to 100 kw may be expected to increase the service range by only 15 
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miles whereas a subsequent increase of only 10 to 1 in power to 1000 kw 
increases the expected range by 35 miles. This more than 4 to 1 change 
in the rate of attenuation is due to a physical change in the mechanisms 
of propagation effective in these two distance ranges; thus, at the shorter 
ranges the received fields are principally ground waves, whereas at the 
larger ranges tropospheric boundary layer waves are involved. This 
reduced rate of attenuation is also evident on Fig. 15 where it may be 
seen to extend out to at least 150 miles. In analyzing 3- and 9-cm. 
propagation over the sea, Katzin, Bauchman and Binnian^^ have 
reported a similar change in the rate of attenuation at a range of 80 miles 
on 9 cm.; such a change was not observed, however, on 3 cm. It seems 
entirely possible that these higher frequency observations may be 
explained as being due to the same phenomena here described for FM 
propagation over land; the absence of the effect on 3 cm. would result 
from (1) the smaller tropospheric layer reflection coefficients to be 
expected for the shorter wavelength’-and (2) the fact that the 3-cm. 
attenuation is already so much reduced by trapping that the small 
boundary layer reflections would be masked. 

Before leaving the discussion of the service ranges, it should be noted 
that service has been defined in terms of the available field intensities 
expressed in microvolts/meter rather than in terms of microvolts avail¬ 
able across the receiver input terminals. It has been argued by Dale 
Pollack in a discussion of a paper by E. W. Allen^’^ that the receiver 
terminal voltage is a more appropriate measure since he considered that 
internal receiver noise rather than external noise is the factor limiting 
the reception and that half-wave dipole receiving antennas will provide 
only half as much voltage across the receiver terminals in the higher band 
when the same field intensity is available in l)c)tli (;ases. However, the 
cosmic radio noise measurements reported by llerl)streit (pp. 347-380) 
show that external noise is tlie limiting factor in recaqAion on frequencies 
less than 130 Me with low noise figure receivers and, when these measure¬ 
ments are translated into field intensities recinired with a half-wave dipole 
receiving antenna, it may l>e seen on Fig, 4 that actually lower field 
intensities are requircHl on the higlier band for the same grade of service. 

Also shown on Fig. !(> are flie ranges at whie.h interfereiKio would lx; 
expected on the lower frecpumcics fi’om one oilier FM station operating 
on the same frequency at a distance of 900 miles and another station at a 
distance of 2000 miles. The interference from the latter would lie propa¬ 
gated via the F layer of the ionosphere and, at frequencies less than the 
maximum usable frequency, would be expected to have an intensity 
approximately equal to the frec-space. field at this distance'^® since iono¬ 
spheric absorption is negligible at these high freciucneies. Thus the 
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service range in the presence of F layer interference has been determined 
on Fig. 16 by determining the distance from the desired station at which 
the smooth earth ground wave field is 10 times the free space field from 
the undesired station. It should be noted that, so long as the same 
effective power is used by both the desired and undesired FM stations, the 
maximum distance at which interference-free service may be maintained 
is independent of the power used, since a similar increase or decrease in 
power for both stations would not change the ratio of the desired-to- 
undesired fields. The percentages indicated on this F layer interference 
contour are the percentages of the time throughout a typical sunspot 
cycle (with a smoothed maximum sunspot number of 120) that the 
maximum usable frequency would be expected to be sufficiently high to 
permit F layer interference over paths from points south of the border to 
points within the United States. These percentages were determined 
by increasing by 15 % (to allow for the effect of latitude) the Washington, 
D. C. maximum usable frequencies exceeded for the indicated percentages 
of the listening hours (6 a.m. to midnight) as measured during the last 
sunspot cycle (1933-1944). Actual measurements of this F layer 
interference made on low band FM stations during 1946 and 1947 and 
reported by E. W. Allen^^ have confirmed that interfering fields even in 
excess of the free-space values are, as predicted, often received and that 
this intense interference lasts for approximately the length of time 
anticipated from the maximum usable frequencies estimated from vertical 
incidence ionospheric soundings. 

The interference to be expected from a low band FM station at a dis¬ 
tance of 900 miles is attributed to sporadic E layer transmission and the 
field intensities to be expected in this case are much weaker. The 
interference ranges shown for 44.3 Mo were based on actual measure¬ 
ments made by the Federal Communications Commission of WGTR, 
Paxton, Mass., field intensities as received at Atlanta, Ga., a distance of 
900 miles.The values of sporadic E layer interference indicated for 
the other frequencies were extrapolated from these 44.3 Me data by 
means of an empirical relation giving the percentage of time of occurrence 
of sporadic E reflections as a function of frequency as observed^®'^"^ at 
C.R.P.L,* using vertical incidence ionosphere soundings. The almost 
complete absence in the 88-108 Me band of interference attributable to 
sporadic E layer transmission provides the justification, at least qualita¬ 
tively, for the use of this method of prediction. Interference transmitted 
via the sporadic E layer is observed in the range of distances from about 
400 to 1400 miles with maximum periods of occurrence at a distance of 
about 1000 miles and maximum field intensities at a distance of about 

* Central Radio Propogation Laboratory of the National Bureaxx of Standards. 
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800 miles; these variations with distance and frequency are the principle 
identifying characteristics of this type of interference. 

It has been argued by some that this F layer and sporadic E layer 
ionospheric interference occurs for such a small percentage of the time 
as to be of negligible importance. However, the interference shown on 
Fig. 16 corresponds to that expected from a single station operating 
on the same channel at the distances indicated. Actually, as has been 
pointed out in detail by E. W. Allen, 22 it is necessary as a practical matter 
to operate many stations simultaneously on the same and adjacent 
channels in order to accomodate the demand for FM facilities, and thus 
the percentages indicated on Fig. 16 would have to be multiplied in many 
instances by a factor of 5 or 10 for sporadic E interference and 2 or 3 
for F layer interference. From the above analysis it becomes quite clear 
that much larger areas can be provided with an interference-free FM 
broadcast service by using frequencies in excess of 70 or 80 Me. 

As a final precaution it is desirable to emphasize that the service 
ranges shown on Figs. 15 and 16 are conservative in as much as they 
correspond to a 50 microvolt/meter field intensity rather than the 5 
microvolts/meter actually required with an unusually good FM receiver 
as shown on Fig. 4. Consequently it may be expected that satisfactory 
reception for 09% of the time will be available to many rural listeners 
at distances 3 or 4 times the reliable ranges indicated on Figs. 15 and 16. 
It is desirable to point out that we are just beginning to learn a little 
about the characteristics of radio propagation in the FM band and much 
furtlicr experimental and theoretical research is indicated. One kind of 
data wliicli is considered to be of utmost value in connection with such 
research is contirmous recordings of the field intensities of FM and 
Television broadcast stations. Such data should be collected for a wide 
variety of meteorological and terrain characteristics in various parts of 
the country. It is hoped that the cooperation of individual broadcasters 
and of University research laboratories can be obtained in connection 
witli aucli a measurement program. Until such time as these more com¬ 
plete data iKKSoine available, it is hoped that the interpretations of FM 
propagat ion i)res(mtcd liere may provide a rough guide for future research 
and for the day to day decisions which must be made by the broadcasters. 
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1. Introrxtction 

1. Pilotage 

The fundamental duty of a navigator is the selection of a route to be 
followed by his vessel. His elioice may depend upon the presence of 
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hazards or may require only the knowledge of present and desired posi¬ 
tions and of potential drifts to be expected from motion of the sea or air. 
The end point of the route is the destination, not often chosen by the 
navigator, but his attention may often be fixed upon the route to a way 
point or check point selected by himself. 

It is axiomatic that the navigator must know his present position 
and his destination, at least, before he can choose a route, and from that 
his course and the heading of his vessel. In the simplest and most 
important form of navigation, pilotage, the vessel is directed in terms of 
landmarks seen by the navigator (in this case often called the pilot) and 
the knowledge of present position is not usually explicit. In navigation 
out of sight of landmarks the navigator customarily finds his position, 
usually in terms of latitude and longitude or distance and direction from 
a known point, and consults a chart to find the relation between his posi¬ 
tion and his destination. 


2. Dead Reckoning 

A position, once known, can be carried forward indefinitely by keep¬ 
ing continuous account of the direction and speed of the vessel. This 
process is called dead reckoning. Unfortunately, heading and speed 
are not often capable of precise measurement and the effects of drift can 
only be approximated, so that, on the average, the errors of dead reckon¬ 
ing increase in proportion to the length of time it has been carried on. 
Ordinarily a dead reckoning position is seriously in error after the vessel 
has traversed a few hundred miles without any external indication of 
position. 

S, Fixing 

In contrast to dead reckoning, a fix is a determination of position 
without reference to any former position. The simplest fix stems from 
the observation of a recognizable landmark and, in a sense, any fix may 
be thus described. A celestial fix is nothing but the recognition of the 
unique point from which, at a given instant, a number of stars appear 
at their observed altitudes. Similarly, most radio aids to navigation 
present a certain indication at only one point, or only a few points, on the 
surface of the earth. Landmarks beyond the range of vision can be 
recognized by radar or by the fathometer. 

4- Navigation 

Since a fix is fundamental and dead reckoning is derived, it is natiiml 
that most electronic aids to navigation are aids to the determination of 
fixes or, like radar, are devices that extend the range at which pilotage 
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may be carried on. Thus the dividing line between pilotage and ‘Tong 
range” navigation is somewhat nebulous. The best distinction arises 
from the method of determining position: if explicit, it is conventional 
navigation; if implicit, it is pilotage. 

Now navigation does not consist of the determination of position or 
establishment of a compass heading to be followed by a helmsman. 
Navigation requires the exercise of judgment; it is a choice (based on all 
available data concerning position, destination, weather, natural and 
artificial hazards, and many other factors) of one out of many courses of 
procedure that may lead to the required result. There can be, therefore, 
no electronic navigational systeAn, but only aids to navigation. An air¬ 
craft or ship may be made to follow automatically a predetermined course 
by the use of equipment that performs the dead reckoning function, or 
may be made to follow a line of position known to pass through a desired 
objective. Neither of these achievements constitutes navigation by the 
equipment. The automatic devices simply extend the control exercised 
by the navigator in time or space. 


II. Prewar Methods 


1 . Direction Finding 

With these facts in mind it becomes worthwhile to examine the 
radio aids to navigation available in 1939. These were all directional 
devices, in the sense that they measured angles subtended at a radio 
transmitter or receiver, l)iit we should distinguislx carefully between 
direction finding (the measurement of the relative bearing of a fixed 
radio transmitter as “seen” from a receiver on a moving vehicle) and 
azimuth finding (the measuremimt of tlie true bcuiring or azimuth of 
the veliicle as seen from a fixed station). At sliort distanc.es, of course, 
the tu'o results differ only in tlie sense of the al)S(>lute diree.tion but the 
techniques and uses of the methods dilTer greatly. '■Plieix; a,re, in fact, 
three main classes of directional aids tliat sliouhl be examined separately: 

a. Dirc'ction finding. Transmittcu-s fixed and receiver on the vehicle. 

b. Azimuth finding. Receivers fixt^d and transmitter on the vehicle. 

c. Azimuth finding. Transmitters fixed and i’(':ccuver on the vehicle. 
The fourth expected class, the; first with the direefion of transmission 
reversed, is actually indistinguishalde from tlie second, 

a. Loop Antenna. Direction fimling, in its simplest form, is accom¬ 
plished liy rotating a loop antenna until a signal recariviul by it is reducied 
to zero v'lu'ii flie plane of the looix is normal to f,h(‘ dirindlon from which 
the signal comes. If the re<alved signal is linearly polarized, and if there 
are no inhomogeneities in the conductivity of the region near the loop, 



428 


J. A. PIERCE 


the indication of direction is very accurate. Unfortunately these condi¬ 
tions are not often attained in practice. The received signal is likely to 
consist, at least in part, of one or more sky-wave components that have, 
by the action of the ionosphere, had their polarization altered into 
eiliptical form. The effect upon the direction finder is an error, shifting 
from time to time as the polarization changes, that may approach 180° 
and is frequently of the order of 10-15°. Masses of metal near the 
antenna distort the received field so that the resultant of the original 
signal and the reflections from local objects has an apparent direction 
that usually differs significantly from the true direction to the transmit¬ 
ting station. This effect is constant for a given true direction so that it 
can be corrected, but the constancy of the corrections depends upon con¬ 
stancy of the geometrical conditions; thus on shipboard, for instance, the 
corrections are not often accurately known. 

Another defect of the simple loop is that the amplitude of the signal 
passed through the receiver varies sinusoidally with rotation. Thus a 
sharp indication is had only when the amplitude is at or near zero. When 
the loop is oriented for this signal condition noise can, of course, be 
received from other directions. The indication of direction is thus at its 
best when the signal-to-noise ratio is least favorable. 

h. Night and Shore Effect. In addition to these inherent qualities of 
the loop antenna, simple direction finding suffers from the fact that it is 
not the direction to the transmitter that is observed but rather the 
orientation of the wave front received from the transmitter. This may 
be significantly different in two major cases. The most common is when 
the signal is predominantly received by sky-wave transmission and is 
reflected from a sloping layer. This condition is most probable in the 
case of north-south transmission near sunrise or sunset, and is then called 
“night effect.” The other important case is that of ground-wave trans¬ 
mission near and more or less parallel to a shore line. The velocity of 
propagation is significantly smaller over land than over water and the 
signals are transmitted along paths that are somewhat concave toward 
the land rather than radial from the transmitter. Either this “shore 
effect” or the night effect may be responsible for errors of several degrees. 

The first attempt to avoid part of the difficulties inherent in direction 
finding for shipboard use lay in the erection of groups of shore-based 
direction-finding stations. These stations, usually three in number, 
would take bearings on the signal from a shipboard transmitter upon 
request. The bearings would be plotted at one of the shore stations so 
that a fix could be reported to the vessel within a few minutes. This 
technique has the great advantage that the local distortions of the 
received fields can be kept small and constant and that complex and 
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precise equipment can be used. The requirement of a number of special 
stations, however, has militated against extensive use of this system so 
that in recent years its most important use has been for detection of the 
location of enemy vessels. 

c. Automatic Direction Finding. A modification of the loop receiving 
technique has been used, especially in aircraft automatic direction 
finders, to avoid the difficulty of detecting a weak signal in the neighbor¬ 
hood of the null. This concept consists in the use of two loop antennas 
at right angles with identical receiver channels leading to some form of 
indicator. As the two loops are rotated together, the signals in the two 
channels become equal only when the apparent direction of the station 
bisects the 90° angle between the planes of the two loops. As implied 
above, this or a similar technique is required for the automatic direction 
finders that have been used extensively in recent years. An error in the 
orientation of the crossed loops leads to a difference in the two outputs, a 
difference whose relative amplitude measures the magnitude of the error, 
while the channel having the stronger signal identifies the sense in which 
the error should be corrected. It is therefore easy to use a simple 
servomechanism that will maintain the equality of the signals in the two 
channels by rotating the loops to the correct relative bearing. 

2. Azimuth Finding 

a. Radio Range, Another series of attempts to imiDrove direction 
finding led to the development of the first aziimuth finders, the Radio 
Range and the Orfordness beacon. The Radio Range is very nearly the 
crossed loop direction finder in reverse. A pair of loops are used as trans¬ 
mitting antennas and are disposed nearly at right angles so that their 
radiation maxima lie in alternate qxiadrants. The loops are driven alter¬ 
nately from a common transmitter with an interlocked keying seciuence 
so that one loop repeatedly radiates the morse letter A in the silent inter¬ 
vals between the emissions of the letter N from the other loop. Thus 
along the line where the two Icojis provide equal signal strength a steady 
tone is heard. Departures from the equisignal zone are marked by 
reception of A’s or N’s, depending upon the sense of the departure. Since 
each loop antenna has two radiation maxima, tliero are thus provided 
four equisignal zones, or ranges, that may bo mutually perpendicular or 
may be established in any four directions by adjustment of the antenna 
characteristics. 

The Radio Range thus provides four well-estaldished lanes that may 
be made to coincide with desired routes. In regions outside the equi¬ 
signal zones the only information received is the identification of the 
sector containing the navigator. The great merit of the system lies in 
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the elimination of the local quadrantal errors and of all measuring or 
adjusting at the navigator’s position. The signals may be received on 
any antenna and the data are gathered simply by listening. 

h. Orfordness Beacon. The Orfordness beacon also enjoys the 
elimination of quadrantal errors but requires some measurement by the 
navigator. In return for this effort he is able to determine his azimuth 
from the transmitting station at any point rather than along four lines 
only. The transmitter uses a single loop antenna that is rotated exactly 
once per minute. Thus the sharp minima of the loop pattern sweep 
chrough the navigator’s position every 30 seconds. The signal is shut off 
for a short interval just before one of the minima passes through North 
and is started when this ‘‘negative beam” is exactly North. With a 
stop watch the navigator times the interval from the start until one of the 
minima is heard. This interval, computed at 6°/second, measures the 
azimuth (or reciprocal azimuth) of the navigator as seen from the trans¬ 
mitter. It is thus a true azimuth measuring system, although the 180° 
ambiguity must be resolved by conventional navigational methods. 

c. Cathode Ray Direction Finding. There are two important tech¬ 
niques in direction finding that, while not particularly new, were first 
used extensively and successfully during the recent war. The first, both 
chronologically and in wartime importance, was the use of crossed loops 
with identical amplifying channels and a cathode ray indicator. This 
truly instantaneous direction finder was of immense value in locating the 
sources of extremely short bursts of high speed radiotelegraph signals 
transmitted from German submarines. In other respects the techniciue 
has little advantage over the classical methods, except that the uncer¬ 
tainty of the directional observations, due primarily to polarization 
errors, is perhaps a little more obvious than with other indicators. 

d. Spaced Loop Direction Finding. The other recent development of 
an earlier idea is the spaced loop direction finder. This is more properly 
the spaced antenna direction finder, but loop antennas are ordinarily the 
most convenient. In this arrangement two spaced antennas, connected 
through identical amplifying channels to a phase comparator, are rotated 
bodily about an axis midway between them until the phases of the two 
received signals become identical. If the physical separation of the 
antennas is only a small fraction of a wavelength, as it frequently must 
be, the sensitivity of the phase comparison must be high. The method, 
however, has the unique advantage that the observed direction does not 
depend upon the composition and polarization of the incoming signals. 
The precision of measurement is therefore limited primarily only by 
mechanical accuracy, by the phase sensitivity, and by the homogeneity 
of the space surrounding the equipment. Thus it closely approaches 
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the ultimate accuracy, because direction finding can only measure the 
apparent direction of the resultant signal which is made up of the actual 
signal received from a distance (and this may not have travelled over a 
great circle path) and the signals reflected from neighboring regions where 
there are discontinuities in the conductivity or refractive index. 


III. Wartime Developments 
1. Elektra 

The only significant German wartime contribution to radio aids to 
navigation was the development of Sonne and its parent system, Elektra. 
Eleklra is essentially a multiple radio range, providing a large number 
(frequently 24) of equisignal zones. Deviations from the equisignal 
zones were detected by hearing dots on one side of the zone and (inter¬ 
locked) dashes on the other. Other methods, such as direction finding 
on the transmitting station had to be employed to solve the ambiguity 
problem. The beauty of the system was the provision, of such a large 
number of identifiable lanes with a simple three-tower antenna system of 
good efficiency so that, for the first time, highly accurate azimuth finding 
could be carried on at ranges of several hundred miles. The azimuths of 
several equisignal lanes could be adjusted (together, not independently) 
so that one of them would extend along any chosen great circle from the 
transmitter. Thus successful area bombing was carried out under 
instrument flying conditions by adjusting two Elektra stations so that 
two of their lanes would intersect over the chosen target. 




Sonne 


About 1943 a modification was made to the Elektra system to form 
Sonne. This consisted in linearly varying the radio frequency phases of 
two of the three antennas, after a starting signal. This simple addition 
causes eacli of the e(\uiBignal zones to rotate about the transmitter as a 


center until, after 60 seconds, each comes to occupy the initial position 
of its next neighbor. Thus at any point the navigator will hear a number 
of dots or dashes (say 22 dots) followed by an equisignal (say of 4 seconds 


duration) and by another number of dashes or dots (say 34 dashes). 
This se<iuencc indicates tliat the navigator is in a zone wliere dots are 
initially heard and that he is four-tenths of the way from a dash-dot 
boundary to a dot-dash l)oundary. If he has properly identified the 
zone, his line of position can be found from charts that show the key 
orientations. Similar listening to a second Sonne station provides a fix. 


A great advantage of the system is that tlie position is found by simple 
listening to any ordinary receiver. The reading accuracy is good, having 
a minimum error of F/dot, but the errors of propagation mentioned 
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above reduce the real accuracy to the order of f to 1° by day and from 
1 to 2® at night, with occasional errors of as much as 6 or 8°. The 
reliable range for stations in the 300 kc frequency region is six or eight 
hundred miles and useful signals are sometimes had up to two thousand 
miles from the stations. 


3. Radar 

Radar, of course, is the most discussed series of electronic devices to 
come out of the recent war. The techniques are too well known to need 
discussion here and the applications to navigation are limited, primarily 
by the relatively short ranges available except for observation of or from 
very high flying aircraft. Radar is an excellent extension of visual 
pilotage and some forms, such as the Ground Controlled Approach land¬ 
ing system, are of great advantage to the navigator. Thus harbor 
entrances can be made in fog, and a cross country aircraft can fly success¬ 
fully from point to point over land, so long as sufficiently close attention 
is paid to the radar screen so that no mistakes in identification are made. 
Radar observation of aircraft and ships (over limited distances) from the 
ground solves the problem of identification of place, but replaces it with 
the problem of identification of the vehicle, which, in turn, can be over¬ 
come by the use of radar beacons; but need of complex networks for a 
complete solution to the navigational problem makes it appear that radar 
will be used primarily for collision prevention and that navigation will 
be carried out by other devices designed especially for the purpose. 
Such devices might be similar to or improvements upon those mentioned 
in the next succeeding paragraphs. 

4- Gee 

Gee is a powerful system, operating at frequencies between 25 and 80 
Me, that requires no transmission from the navigator's vehicle. It was 
the first of the pulsed hyperbolic grid-laying devices and was put into 
operation early in 1942. The method depends upon the measurement 
of the difference in the time of arrival (or, more precisely, the phase) of 
two trains of uniformly spaced pulses received from two well-separated 
points. A constant time difference identifies a line of position which, 
neglecting the oblate curvature of the surface of the earth, is a hyperbola 
with the two transmitters as foci. A similar measurement is made 
simultaneously upon a second pair of pulse trains radiated by one station 
of the first pair and a third station. The receiving equipment is simple 
and compact, and yields fixes with great rapidity. There is, of course, 
an infinite family of hyperbolas generated by each pair of stations, 
although the resolving power of the receiver is finite. Because the 
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hyperbolas diverge with increasing distance from the transmitters, the 
accuracy of the system decreases with increasing range at a much more 
rapid rate than is the case with beacon responder methods. The intrinsic 
accuracy is high, however, and the average error of fix varies from about 
200 yeards near the transmitters to about 5 miles at the maximum range, 
for high-flying aircraft, of 350 to 400 miles. 

6. Loran 

Loran, a hyperbolic system very similar to Gee, operates in the 
neighborhood of 2 Me. At this relatively low frequency, transmission 
ranges are much greater, especially at low altitudes, than they are at 
Gee frequencies. The lower frequency, however, makes the use of much 
longer pulses essential and the measuring technique must be somewhat 
more complex if similar accuracy is to be attained- At this frequency, 
sky-wave transmission is good to a distance of 1600 miles at night, but is 
not effective by day. Ground-wave ranges are, typically, 800 miles over 
sea water in the daytime and 600 miles at night. Over land, however, 
the ground-wave range is so small that useful service can be provided 
only in special cases. Except at very low altitudes. Gee is a more useful 
system over land; but over sea water Loran gives comparable or greater 
accuracy at much greater distances, the average errors of fix ranging 
from 1000 feet at short distances to perhaps miles at 800 miles. At 
night the sky-wave service is available with average errors ranging from 
1-1 miles at 300 to about 8 miles at 1600. 

For nighttime service only, the use of sky waves permits the exploita¬ 
tion of very long baselines which greatly reduce the geometrical dilution 
of the potential accuracy. In the case of two long baselines at right 
angles, the average errors of fix are small and remarkably constant, 
ranging from 1 to 2 miles over an area of a million square miles or more. 

The use of the hyperbolic principle (or more properly, the use of long 
baselines) operates to reduce the pernicious effects of variations in the 
effective velocity of propagation of radio waves. Thus the accuracy of 
Loran, even for the second-rate, sky-wave service, is equivalent to that of a 
direction-finding system with avei-age errors of not more than 0.1 to 
0.3® arc. 

6, Low Frequency Loran 

A Low Frequency Loran system has been tested in two areas at a 
frequency of 180 kc, and has given successful operational service in cen¬ 
tral and northern Canada, lire characteristics of LB' Loran differ greatly 
from those of Loran at 2 Me, primarily because it is necessary to us© 
pulses so long that ground waves and sky waves cannot be resolved. This 
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factor results in large timing errors which are partially compensated by 
longer baselines. At this frequency the atmospheric noise level varies 
greatly with time and with geographical position, giving rise to large 
differences in useful range. In spite of these limitations the average 
errors of fix are between 5 and 20 miles out to the nominal maximum 
range of 1000 miles over land or 1600 miles over sea. The system is 
particularly useful in the high latitudes where the noise level is low. 

One variant of LF Loran, called cycle-matching,” is of particular 
interest, in spite of limited testing. In this embodiment of the hyperbolie 
principle the pulse envelope is used to identify a particular radio fre¬ 
quency cycle, and the cycle itself is used for a precise measurement. In 
a brief trial of this method the correct cycle was identified in three- 
fourths of the attempts and the average deviation of the readings within 
the cycle was 0.15 microsecond. This figure corresponded to an aver¬ 
age error of the line of position of 160 feet at a distance of 750 miles, 
Although this is almost the extreme range at which this method can be 
used, because of sky-wave interference with the necessary ground waves, 
and although the problems of cycle identification remain to be solved, 
the technique seems worthy of further exploration. 

7. Decca 

Finally we find a very interesting continuous-wave system, Decca, 
which has given some service at about 100 kc. Decca is a hyperbolic 
system which detects and measures the relative phase of the carrier 
frequency cycles. It therefore has very high resolution for a system at 
these frequencies, changes in position of a few yards being detectable. 
Unfortunately, the range of the system is severely limited by sky-wave 
transmission which appears in random phase and is of great amx^litude 
at distances of a few hundred miles. Thus the precision is high at short 
ranges but the readings become ambiguous beyond 150 or 200 miles. 
Experiments with this system are being conducted, we understand, at 
frequencies of 10-15 kc. In this case the satisfactory range should be 
greater, because of the increased ej00.ciency of ground-wave transmis¬ 
sion, and the limiting accuracy should be reduced in proportion to the 
frequency. 

IV. Postwar Proposals 

All of the systems mentioned in part III were put into operation and 
used to good advantage during the war. They are all still in use to a 
greater or lesser extent and some of them have a good chance of con¬ 
tinued service for many years. 

The new techniques available since the war may be used to aid naviga- 
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tion in many ways, and many proposals have been made. To some 
extent the very number of proposals has militated against careful con¬ 
sideration, to say nothing of exploitation, of any of them. One or two 
examples to be cited presently will sufl&ce for the present discussion. 

1. Omnirange 

There is one system, the omnidirectional beacon or omnirange, how¬ 
ever, that was not used during the war but that has the advantage of a 
number of years of study and experimentation in the hands of the Civil 
Aeronautics Authority. It is of particular importance because it will 
become the standard device that replaces the radio range along the air¬ 
ways of the United States. It is perhaps unfortunate that the accuracy 
and radius of operation are not significantly greater than those of the 
radio range, but the system has the merit of simple geometrical relation¬ 
ships that will permit the use of various simple computers to aid auto¬ 
matic flight. 

The omnirange, which operates in the very high frequency region, is 
one of the assimuth-determining systems. The transmitting antenna 
radiates a cardioid pattern of field intensity that rotates in azimuth at a 
low audio frequency. The amplitude of the signal received at a fixed 
point therefore varies sinusoidally with an absolute phase that depends 
upon the azimuth of the receiver as seen from the transmitter. This 
phase is continuously and axitomatically measured, with reference to a 
second modidated signal radiated as a frequency modulation from the 
same transmitter, to give a direct indication of the azimuth. The 
average accuracy of the system is reported to be about 3® and the range, 
at low-flying altitudes, is at least 50 miles. The omnirange ordinarily 
shares its site with a responder beacon that can be interrogated by air¬ 
borne pidse int(U’rogatorB to measure the distance to the beacon. The 
combination then determines position in polar coordinates, although 
imfortunately the precision of the measurement of azimuth does not 
compare with the precision of measurement of the radial distance. 
Since the geometrical relations, as mentioned above, are simple, it is 
possible to luiild a (u)mi)uter to operate from the output of the omnirange 
and distamie-measuring receivers that will continuously indicate to the 
pilot both tlici deviiitions from any chosen course (anywhere within the 
range of the beacson) a.nd tlie distance to go to reach the objective at 
the terminus of the chosen course. 

Tcleran 

As an example of the more complex networks of navigational aids 
that may come into existence, it may be sufficient to mention Teleran. 
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This is a proposal to use a network of ground-based radar stations (with 
airborne transponder beacons for aircraft identification) to keep con¬ 
tinuous track of all aircraft in the air over a large area. This informa¬ 
tion, or rather the parts of it of interest to a particular aircraft, is then 
added to a map of the immediate vicinity with notes about the weather, 
the state of airport runways, etc., and transmitted to the aircraft by 
television. In this way the indicator oscilloscope of each aircraft 
navigator continuously conveys the information he needs—data on 
winds and on other aircraft while he is in transit and information as to 
landing conditions as he approaches his destination. A large network of. 
ground equipment is, of course, necessary, but there is a great advantage 
in placing the complex equipment on the ground where size and weight 
are not of major importance and where adequate supervision and main¬ 
tenance are available. The use of Teleran, or similarly complex net¬ 
works, depends upon careful study of the economic gains and gains in 
safety to be derived from the careful control of aircraft in flight. 

V. Considerations op Range and Accuracy 

It may seem, at first glance, that the characteristics of these several 
systems are almost unrelated, but actually the ranges and accuracies 
fall into simple patterns. Nothing, in this section, can be said about 
cost or operating convenience, but it is possible to place fairly definite 
limits upon what navigational systems can and cannot do. 

1. Classification of Systems 

There are three kinds of systems which we may classify according to 
the shapes of the position lines they generate; radial, for the various forms 
of direction-finding; circular, for the distance-measuring responder sys¬ 
tems; and hyperbolic, for the time-difference methods. 

With the exceptions of High Frequency Direction Finding, a sky- 
wave system, and Decca, which is a ground-wave system suffering from 
sky-wave interference, the useful ranges of the various devices increase 
with wavelength. Under the best conditions, in fact, the maximum 
range for ground (or space) waves increases nearly as fast as the fourth 
root of the wavelength. The average errors of the various systems, in 
general, increase in proportion to the wavelength except for discon¬ 
tinuities produced by the changes from one technique to another. We 
must now explore these relations in some detail. 

2. Ground- and Sky-wave Range 

The chief factors that control the useful range of a radio signal are 
the shape and electrical conductivity of the earth, the state of ionization 
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and noise-producing electrij&cation of the atmosphere, the bandwidth and, 
particularly, the frequency of the signal itself. Consider first the ground 
wave, or space-propagated wave, that travels along or near the surface 
of the earth. Let us assume a reasonably high power and what we may 
call a normal bandwidth that depends on frequency. We may further 
presuppose a fairly high level of natural noise which increases, in general, 
with the wavelength. Under these limitations we can draw the diagram 
of Fig. 1, the data for which are the satisfactory ranges of navigation 
systems themselves, as indicated by the names of the systems. The 
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diagram is almost self-explanatory. At the lowest wavelengths, trans¬ 
mission ranges are essentially optical, depending primarily upon the 
elevation of the receiver, Tlirough the medium wavelengths the range 
over sea water depends very little upon altitude, but over land the range 
is reduced and is sensitive to elevation. At the longest wavelengths the 
range is great and depends almost entirely upon wavelength. 

To the ranges of Fig. 1 we must add the sky-wave factors shown in 
Fig. 2. These have been drawn neglecting seasonal variations, for the 
sake of simplicity, and in general the limitations are the same as for 
Fig. 1. Very great ranges may l)e had at frecpiencies of the order of 10 
Me or 30 kc, but service is available to only a few miles by day and to 
less tlian 2000 miles at night in the neighhorliood of 1 Me, 
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Fig. 2. —Average sky-wave transmission ranges comparable to those of Fig. 1. 
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Fig. 3. —Maximum ranges at which ground-wave transmission is essentially free from 

sky-wave interference. 
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The strong sky-wave transmission at wavelengths greater than 1000 
or 2000 meters invalidates the longer ground-wave ranges shown in 
Fig. 1. This effect is shown in Fig. 3. Here the explanation is simplest 
if we start with the straight line at the right. A continuous-wave system 
will take advantage of all the characteristics of ground-wave transmission 
at short distances from the transmitters, where the ground wave is far 
more intense than the reflected sky waves. A few miles or a few hundred 
miles away, the ground-wave field intensity, which is decreasing with 
increasing distance much faster than are the sky waves, falls to such a 
level that sky-wave interference begins to control the characteristics of 
the signal. Since the phase of a sky wave, relative to that of the ground 
wave, is random, the resultant signal fades. If the navigation system 
is one that measures radio-frequency phase, such as Decca or cycle¬ 
matching LF Loran, the indicated phase is random and the readings bear 
little relation to the position of the navigator. The straight line has been 
drawn to indicate the maximum useful range for ‘‘pure” ground waves. 

3. Range of Pulse Systems 

Pulse systems in the high and medium frequencies have a great 
advantage in this respect because, by use of short pulses, the ground 
wave may be resolved and observed without sky-wave interference. 
Thus the full transmission range is available for ground-wave systems. 
Below about 1000 kc, however, it is difficult to radiate a pulse sufficiently 
short to be received completely free of overlapping sky waves. The 
front part of the pulse is still “ clean” and may be used, but with increas¬ 
ing wavelength the amplitude of the uncontaminated portion decreases 
(because the pulse length increases and the slope of the leading edge 
decreases); thus the effective range decreases. In the neighborhood of 
200 kc this effect becomes accentuated because the practical limit of 
physical hciight of antenna structures is reached. Below this frequency 
the antemna Q rises sharply and the pulse length increases very rapidly. 
At very low frequencit^s, “pulse” transmission cannot be distinguished 
from continuous-wave transmission. This diagram is of great impor¬ 
tance because it shows why systems with the high accuracy that can be 
attained through ground-wave transmission cannot be expected to 
operate at ranges of more than a thousand miles. 

The data of Figs. 1, 2, and 3 are combined in Fig. 4, from which we 
can estimate the types of transmission and useful range that apply at any 
wavelength. The daytime sky-wave curves and the curves for ground- 
wave transmission at the longer wavelengths are dotted in the regions 
where they are of only academic importance. The shaded areas, for 
ground-wave transmission, cunlnace the variation of range with altitude 
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of the receiver. The limits are roughly 100 and 30,000 feet. The 
ranges shown apply approximately for any kind of system, although the 
narrow-band systems will have somewhat greater range than the pulse 
systems, for the same peak power. The pulse systems are likely to have 
the greater range if average radiated power is taken as the criterion. All 
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Fig. 4.—Superimposed curves of Figs. 1, 2, and 3. 

the curves have been drawn conservatively to indicate ranges that should 
be obtained a high percentage of the time. 

4- Maximum Accuracy 

If we neglect, for the moment, direction-finding methods we can form 
some useful conclusions about the potential accuracy of pulse and phase 
systems by considering the effect of changing wavelength. Let us 
consider the pulse systems first. The effect of the Q of electrical circuits 
and antennas, as well as the increased noise associated with wide-band 
receivers and the interference of radio signals with other services, is to 
limit the steepness and shortness of usable pulses. In practice it becomes 
very difficult to generate and efficiently radiate a pulse whose length is 
less than about 50 cycles of the carrier frequency. This figure does not 
appear to vary appreciably with frequency except when the antenna Q, 
mentioned above, begins to increase very rapidly with wavelength. 
Now if a time measurement is to be made from one pulse to another, as 
by having both pulses displayed on a radar trace, the measurement can 
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be made to about one-fifth of the length of the pulses. The measurement 
may therefore be expected to be accurate to about 10 periods, in time, or 
10 wavelengths, in space. The “least reading” in distance is taken Is 5 
wavelengths since a geometrical factor of 2 is always gained under opti¬ 
mum conditions. For example, if the distance of a radar target increases 
by 5 wavelengths, the time interval from transmission to reception of an 
echo increases by 10 periods. If two such measurements are made at 
right angles to each other, we can estimate the average error of fix under 
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Fio. 5.-—The miiiirmim errors of fix attainable under the best geometrical conditions 
■with no transmission errors by three standard measuring techniques. 

this optimum geometrical condition. This estimate has been made on 
the conservative assumption that the average error of fix will be 2 \/2 
times the least reading, where the -v/^ is the factor derived from the 
combination of two uiujorrelated measurements at right angles, and the 
2 is intended to cover llie discrepancy between “laboratory” and “field” 
accuracies. 

Fig. f) shows, at th(^ left, a line drawn according to these constants. 
This line sliows that tlie minimum average error of fix, or the average 
error of fix undcvr the best geometrical conditions, varies linearly between 
about 50 feet at a wavelength of 1 meter to 6 miles at a wavelength of 600 
meters.* 

Data are given on the figures for Shoran, a system that has not been discussed 
here because it is primarily useful for blind bombing and surveying rather than gen¬ 
eral navigation. It is a system consisting of an airborne pulse interrogator "with 
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An improvement in accuracy can be realized by a pulse-matching 
technique used, to date, only in the case of Loran, If two pulses to be 
compared are carefully made similar when they are radiated, and have 
their amplitudes made equal in the receiver, the pulses can be visually 
superimposed and compared with an accuracy of 1 % of the pulse length. 
This makes possible an enhancement of 20 times in the accuracy, an 
improvement shown in the center curve of Fig. 5. This curve departs 
from linearity at wavelengths above 1500 meters because of the effects 
of antenna Q mentioned above. At very long wavelengths the errors for 
pulse transmission would rise as the fourth power of the wavelength. 

The next, and, so far as we know, final step in the direction of greater 
accuracy is the measurement of radio-frequency phase. Depending 
upon the technique, the reading accuracy may be expected to lie between 
1 % of a cycle and 1° of phase: The third line on Fig. 5 is drawn assuming 
a precision of -yg-jr wavelength, or 100 times the Loran reading accuracy. 
This method, as explained above, is useful only for ground-wave trans¬ 
mission. The one exception to this statement is in the case of phase 
measurement of a modulated wave, in which case the modulation wave¬ 
length must be considered as the criterion. In this embodiment the 
wavelength in Fig. 5 must be taken as the wavelength of the modulation 
envelope with a consequent decrease in precision. 

The three curves of Fig. 5 embrace all of the techniques so far devel¬ 
oped. Other orders of precision are, of course, possible but it is difficult 
to think of new mechanisms that do not fall into one of the classes shown. 
The names of a number of systems have been inserted in Fig. 5 at points 
indicating the appropriate wavelengths and accuracies. In the case of 
each system with average errors greater than those indicated by the 
appropriate line, it is easy to find a modest improvement in technique 
that would reduce the average errors. LF Loran, using ground-wave 
transmission, is the only case in which the potential accuracy is greater 
than that indicated by our criterion. As one of those most closely 
associated with the development of this system, the writer can testify 
that it required extreme effort to produce pulses sufficiently short to 
achieve this result, and that this labor was hardly justified by any great 
operational advantage. 


distance-measuring equipment and two ground-based responder beacons, and its 
actual accuracy has not yet been exceeded. This achievement stems primarily from 
the careful design of the system for its intended function. The choice of constants, 
such as pulse length and bandwidth, is admirable. The average errors are primarily 
propagational and are of the order of 20 yards at distances up to about 260 miles. 

Micro-H is a similar system using an airborne radar set for the same purpose. It 
is now obsolete. 


* 
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A study of the accuracies of the various systems indicates exactly 
what we might expect; that it is relatively easy to approach the criteria 
indicated in Fig. 5 but difficult to exceed the indicated accuracies by a 
worth while margin. 

Fig. 5 has given us the reasonable minimum errors of measurement. 
To these we may add the errors inherent in E-layer sky-wave transmis¬ 
sion, to deduce the minimum errors of received sky-wave pulses. These 
curves are shown in Fig. 6 and in the composite ground- and sky-wave 
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WAVELENGTH IN METERS 

Fig. 6.—Mitiimum errors, comparable to those of Fig. 5, but including E-layer sky- 

wave transmission errors. 

pattern of Fig. 7. The derivation of these curves is purely empirical but 
they arc believed to be reasonably accurate. There is no corresponding 
curve for phase measurement because, as mentioned above, sky-wave 
transmission invalidates phase measurement except in the case of modu¬ 
lated waves, and in this case most of the errors would be beyond the 
limits of Figs. (> and 7, Similarly, there are no curves for F-layer trans¬ 
mission wliicli would multiply the sky-wave errors shown by a factor of 
the order of 10. 

B. Geometric Factors 

From a study of Figs. 4 and 7, now, we can deduce the range and 
maximum accuracy of any radio aid to navigation with the exception of 
direction-finding. So far, however, we have the accuracy available at 
only one special point in the service area of a system. Any departure 
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from that point will lead to increased errors. We must now examine the 
geometrical factors that operate to increase the errors of any practical 
system. To do this we shall return to the classification of circular, 
hyperbolic, and radial systems. For the first two the minimum average 
errors of fix can be estimated from Fig. 7. Radial systems will be dis¬ 
cussed after dealing with the other two. 

Figs. 8, 9, 10, and 12 show the rate of increase of the average error of 
fix with distance, when distance is measured in the direction shown in 
each of the small inset diagrams. The unit of distance is the length of 
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Fig. 7.—Superimposed curves of Figs. 5 and 6. 

the baseline between the transmitters used to obtain a fix, as shown by 
the dotted lines in the key diagrams. The unit of average error of fix for 
Figs. 8, 9, and 10 is the minimum average error of fix obtained from 
Fig. 7. 

In any direction other than those shown, the errors increase more 
rapidly. This effect may be estimated quite well because the accuracy 
of a system is, in general, a simple function of the angle subtended by the 
stations as seen from the navigator’s position. Therefore the error at 
any point is about the same as the error at a point in the best direction 
(shown on Figs. 8, 9, and 12) where an equal angle is subtended by the 
transmitters. In the cases of Fig. 10 and the three-station system of 
Fig. 12, the errors do not vary appreciably with direction. 

Fig. 8 represents the simplest case, that of a circular, or distance¬ 
measuring system. Flere the error of range measurement does not 
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depend on distance so that variations of the average error of fix depend 
only upon the crossing angle of the two circular lines of position. The 
error is infinite at zero distance, because the lines of position are tangent 
there; it falls to unity when the distance is half the baseline and the 
crossing angle is 90 degrees. Thereafter the errors increase almost in 
proportion to the distance. At three times the length of the baseline, 
for instance, the average error of fix is 3.1 times the minimum average 
error of fix. 

Hyperbolic systems give more complex patterns, some of which are 
shown in Fig. 9. The simplest and worst orientation of stations is the 



Fia, 8.—The relative errors of fix of circular systems as a function, of distance. 

triplet in which two baselines are laid end to end as shown in the upper 
part of the small diagram. Here the errors increase nearly as the square 
of the distance because the hyperbolas diverge while the crossing angle 
decreases, but fortunately the inherent minimum average errors are 
small so that useful service has been provided in areas where the '‘dilu¬ 
tion factor’^ was as high as 50. It should be noted that there is no point 
in the neighborhood of a triplet where the average error of fix is less than 

about 1.3 times the minimum average error. 

For a given length of baseline the best orientation of stations is that 
which gives a crossing angle of 90 degrees at the navigator's position. 
This condition is assumed for the curves marked “Two Pairs' on Fig.^. 
Thus the general solution to any hyperbolic problem will lie between the 
solid curves of that figure. So far as we know, the same construction 
applies for the case of unresolved sky-wave transmission, where the 
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6rrors do not vary groatly . distanc©. R sky vraves, 

on the other hand, yield smaller timing errors at longer distances so that 
the iiicreasing geometrical errors are partially cancelled. The corre¬ 
sponding curves, for E-layer transmission, at medium frequencies, are 
shown dashed in Fig. 9. The unity error to be used with these dashed 
curves is, of course, the sky-wave value from Fig. 7. 

The important special case of two pairs of hyperbolic stations with a 
common center and baselines at right angles (the hyperbolic quadri- 



Fig. 9. The relatiye errors of fix of hyperbolic systems as a function of distance. 

lateral) is shown in Fig. 10. This is the best possible orientation of sta- 
^ons when navigation is desired only within the conhnes of the square. 
^ utside the square, as shown by the error curve, the crossing angles 

degenerate very rapidly, but within the square the errors are small and 
sensibly constant. 


The treatment of Pigs. 5 through 10 has summarized the accuracy of 
circular and hyperbohc systems. Radial, or direction-finding, systems 

® correspondingly simple treatment, 
e standard error in this case is the average error of the line of position 
aha dist^ce equal to the length of the baseline. This LOP error may be 

™ on Siven for average an^lar 

errors of 1, 2.0, and 5 degrees. Nearly all direction-finding techniques 
seem to give average errors near one of these values; some examples^are 
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Fig. 10.-—Tlie relative errors of fix for the special case of the hyperbolic quadrilateral. 



Fi«. 11.-“ ‘line of poeitiou errotB of a number of directiori-fwiding methods as a func¬ 
tion of distance.* 


* The Adcock aiitemni. is a design that is particularly free from the pernicious effects 
of varying polariixation of sky-wave signals. Its use therefore results in reduced 
errors when receiving sky-wavo signals. The antenna is inherently large so that it 
cannot be used on aircraft and is not often found on shipboard. 
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noted on the figure. The average error of fix at any distance may be 
found from Fig. 12, which is similar to the other figures just cited except 
that the unity error, in this case, is for a line of position rather than for a 
fix. The minimum error of fix at any point is not unity but has a value 
of 0.92. 



DISTANCE 
BASE LINE 

Fig. 12.—The relative errors of fix of radial systems as a function of distance. 

6. Range vs. Accuracy 

Systems Using a combination of methods, such as the omnidirectional 
range with distance-measuring equipment, must be examined individ¬ 
ually. In this case, the distance-measuring equipment ordinarily has 
much smaller linear errors than the omnidirectional range. The average 
error of fix is therefore practically equal to the line of position error of the 
omnidirectional range. 

The treatment described in the last few pages will permit the estima¬ 
tion of the range and accuracy of a proposed radio aid to navigation. 
The data from Figs. 4 and 7 may be combined into many useful patterns 
provided it is remembered that the practical errors are always greater 
than the minimum average error, and are, in many cases, from three to 
ten or more times as great. 

Perhaps the most useful of these secondary diagrams is shown in 
Fig. 13. By intercomparison of Figs. 4, . 7, and 11, we can determine the 
maximum accuracy of the various possible techniques that can be used 
at the wavelengths requisite for the achievement of any desired range. 
A number of these lines showing the potential behavior of some of the 
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better systems are given in Fig. 13. In each case the baseline is always 
assumed to be equal to the range, for a shorter baseline would result in 
increased errors. Thus the diagram shows errors that cannot be reduced 
except by improvement in measuring technique, for ranges less than 
1000 miles, or by reduction of the variations due to sky-wave transmis¬ 
sion for the longer ranges. 



Fig. 13.—The mininmm errors of fix attainable by various tticbiiiques as a function 
of maximum require<l range. Tin; btuivy liiuss represent th<‘ best tecliniquea so far 
reduced to practice. 


The heavy line of Fig. 13 indicates the minimum errors of fix attain¬ 
able at any range from 300 to 4000 miles. At 1000 to 1500 miles, for 
instance, the line marked Standard Loran Sky Waves” is based upon 
the actual fluctuations in the time of arrival of sky waves. This level 
of error (1|- miles) is not adopted for the heavy line because operation of 
this sort can be had only at night. The LF Loran curve, at the same 
range, shows about twice the minimum errors because ground wavers 
interfere with the sky-wave transmission, which would be more aeemrate 
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if it could be observed alone. Tbe curve called “Modulated Decca” is 
drawn for a mythical system on the assumption justified by estimates of 
the sky-wave delay time at low frequencies, that, by the use of the LF 
Loran pulses, the composite-wave timing errors are reduced to about 
one-half of their normal cw value. At very long wavelengths, or very 
long ranges, the modulated Decca technique (or any other phase systena 
operating with a modulation frequency low enough to avoid problems of 
ambiguity) would realize greater accuracy than LF Loran, which would 
be striving for pulse matches with absurdly long pulses. The actual 
errors to be expected in the case of “Modulated Deccaare probably 
uncertain by a factor of 2. The curve is dashed because this system is 
not operational. 

For ranges less than a thousand miles, phase measurement on ground- 
wave transmissions is capable of yielding average reading errors of the 
order of xgVo oi a mile or less, depending on the range. There is prob¬ 
ably little practical use to be expected from this technique because the 
velocity of radio waves in the atmosphere is not sufficiently constant to 
justify the effort. The dashed heavy line on Fig. 13 is drawn for errors 
equal to 1/10,000 of the range. Exploitation of systems having errors 
smaller than this will require the determination of the velocity of propa¬ 
gation for the altitude and climatic conditions in question. Probably 
errors 10 times below this level can be achieved by careful consideration 
of this point. 

The merits or potential merits of a navigation system may easily be 
determined by the methods of this paper because the three basic factors 
that determine range and accuracy have been treated individually. 
Figs. 1 to 4 and the sky-wave curves of Figs. 6 and 7 summarize the 
effects of radio transmission; Figs. 5 and 7 exhibit the inherent errors 
that are controlled by the choice of technique and the limitations of 
electronic equipment; and Figs. 8, 9, 10, and 12 summarize the geometri¬ 
cal relationships in the various systems. 

If greater detail should, be desired, families of curves, instead of 
single lines, may be drawn to show the effects, for instance, of variations 
in transmitter power, noise level, bandwidth, season of the year, and, 
time of day. TJnfortunately many of the data are lacking for the imme¬ 
diate construction of such diagrams. Even in their absence, however, 
it is probable that the figures shown herein give solutions within 20 % in 

a factor of 2 in accuracy for most practical situations. 
Additional data, in some cases, would improve the precision of the 
present curves. 

Two fundamentally important conclusions are to be derived from 
Fig. 13 and from this whole discussion: 
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extraterrestrial radiation, 378 
radio signal, 428, 430 
Polycrystalline surface, 70 
Potential barrier, lowering of, 5 
Power, effective, 4l3 
Primaries (primary electrons), 66 ff. 
emission, 58 
energy, 67, 71 
loss of, 91 

rate of loss of, 87, 88 
range of - and secondaries, 87 
reflected, 71, 91 

directional scattering of, 75 
elastically -, 84 

Principal planes, location of, 214 
Prism, 

electron, 167 
ion, 167 

Probe targets, 277 
Propagation, 

in PM broadcast band, 381 ff. 
long distance ionospheric, 382 
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radio - prediction, basic, 387 
velocity of - of radio waves, 450 
P type semiconductor, 6 
Pulse, 

-matching system, 442 
system, 439, 440 

in function of frequency, 439 
technique, 318 
transmission, error of, 442 
Pulsed emission, 32, 51 
enhanced —, 32 
method, 51 
Pupil diameter, 146 

Q 

Q of antenna, 440 
effect of, 442 

Quanta, light (see under “Inght 
quanta”) 

Quantum, 
theory, 6 
yield, 139 

Quarter-wave cavity resonator, 299 
Quartz, 98 
powdered -, 25 

R 

Race-track, 
magnet, 315 
orbit, 298 
Radar, 426 ff, 
antenna, 362 
beacon, 432 

identification of place by, 432 
identifieatif)!! of vehicle by, 432 
network of ground-btised - stations, 436 
reflection from meteor trails, 341 
screen, 432 
system, 432 
target, 441 
trace, 440 

iise for collision prevention, 432 
Radial oscillation, 290 
Radial system for dirtnd.ion finding, 436, 
444, 446 
Radiation, 
antenna, 369, 370 
black body 369 ff. 
law, 370 
from sun, 376 
incident noise 371 0. 
loss in betatron, 295 
polarization of extriit<<rrest rial, 378 
resistance, 369, 370 


solar, 364 

solar ionization -, 328 
thermal - from refiecting earth, 373 
Radio, 

aids to navigation, 427, 448 
blackouts, 364 
frequency, 

measurement of - phase, 442 
radiation from sun, 376 
I'efractive index of air, 395 
variation of — phase, 431 
noise, 338, 347 ff., 380 

atmospheric — from thunderstorms, 
388 

cosmic - (see under “Cosmic radio 
noise”) 

diurnal variation, 340 
galactic, 348 
level, 387 
man-made 387 
natural, 388 

propagation prediction, basic, 387 
range, 429, 435 
multiple, 431 
receiver, 427 
signal, 

bandwidth, 437 
frequency, 437 
polarization, 428, 430 
pulse length, 440 
transmission, effect of, 450 
transmitter, 427 
wave, 

absorption of, 333 
attenuation, 397 
propagation, 317 

velocity of propagation of, 428, 450 
Ra(lioa(;tivo 

barium, use of, 22 
half lives, 265 

isotopes, determination of mass, 258 
Radius, 

<5urvature of ion path, 221 
elTe(*tive earth 401 
Ratio bracket, 258 
Ray, 

cathode “ (see under “Cathode ray”) 
cixtrimrdinary “, 325 
ordinary 325 
tlieory, 324 
Rayleigh, 

-Jean’s law, 375, 370, 378 
distribution, 406 
Receiver, 

arnplifiiir, tuncsd radio frequency, 349 
cluumek, 429 
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noise of, 358, 419 
wide-band -, 440 
radio, 427 
sensitivity, 358 
Receiving, 

antenna, 348, 390 
radio signal, 428 
Reception, 

FM broadcast 369, 390 
noise, 348 

Reckoning, dead, 426 
Recombination coefficient, 324 
Recorder, multifrequency, 342 
Rectification, 
effect, 47 

at interface barrier of oxide cathodes, 47 
Rectifier, 

copper oxide type, 33 
selenium, 34 

Reflected primaries, 71, 85 
Reflecting layer, 317 
height, 318 
Reflection, 

atmospheric boundary layers, 402 
coefficient, 84, 105 
at atmosphere, 405 
from meteor trails, 340 
slow electrons, 84 
sporadic E -, 332 
Reflex klystron, 81 
Refraction, 
ah', 395 

ionospheric, 356 
Refractive index, 
air, 390 

discontinuities, 431 
distribution, 402 
Refractive modulus, 397 
Relativmtic equation of motion, 282 
Relativistic mass increase, 274 
Resolving power of mass spectrograph, 
241, 243 

Resonance accelerator, 271 ff. 

Resonator, quarter-wave cavitv — 299 
Retarding field, 
emission in, 35 ff. 
method, 105 
Richardson plot, 30, 31 
Rods of the retina, 147 
Rutherford scattering, 92 

S 

Sagittarius, constellation, 348, 349, 364, 
Sample handling, 232 


Saturation current, 30, 33 
Scaling process, 195 
Scanning, 133 

beam, high velocity, 154 
electron microscope, 168 
process, 132 
Scattering, 

elastically reflected primaries, 85 
free electron -, 92 
Rutherford —, 92 

Scene brightness (television), 135 ff. 
Schottky, 
barrier, 34 
effect, 38 
emission, 47, 49 
region, 38, 39 

Schuman and Ilford Q plates, 250 
Screen, 

cathode ray —, 23 
radar, 432 

Secondaries (secondary electrons), 65 ff., 
152 

absorption of, 71, 76, 77 
before emission, 91 
rate of, 87, 88 
angular distribution, 79 
energy, 

data on, 83 
distribution, 96 
of emission of, 67 
production of, 70 
maximum depth of, 70 
by high speed primaries, 85 
properties of, 79 
range of primaries and, 87 
time of migration, 80 
transfer of energy to, 91 
velocity distribution of, 81, 82 
from insulators, 104 
Secondary emission, 58, 65 ff". 
coefficient, 58, 71 
from insulators, 97 
measurement of, 
for insulating targets, 110 
for metallic targets, 93 
theory of —, 
insulators, 109 
metals, 90 ff. 
yield, 67 ff., 98, 99 

effect of adsorbed gas, 78 
effect of angle of incidence, 76 
effect of conductivity, 100 
effect of crystal structure, 73, 75 
effect of mechanical condition of sur¬ 
face, 77 

effect of primary current, 77 
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effect of temperature, 75, 100 
effect of work function, 72 
of metals, 68 
saturation of, 99 
Seebeck emf, 50 
Selector, velocity, 242 
Selenium rectifier, 34 
Semiconductors, 

chemical potential, 29 
excess impurity -, 6 
Hall coefficient, 20 
impurity - of N type, 7, 9 
impurity type of, 6 
intrinsic -, 7 
luminescence in, 23 
modern theory, 5 ff. 

N-type -, 6, 7, 9 
phosphorescence in, 23 
P-type -, 6 

Semi-infinite coplanar sheets, 183, 184 
Series shift bracket, 257 
Service range, 415 
Servomechanism, use of, 429 
Shielding problem, 305 
Shimming of magnetic field, 275 
Shore effect, 428 
Shot, 
effect, 80 
noise, 142 

Signal-to-noise ratio, 161, 163, 368, 369 
388 

threshold -, 138, 143 
computation of, 145 
for eye, 146 
Silicated interface, 26 
Skin depth, effect of, 3, 10 
Sky-wave, 

component, 428 
curve, 460 
fluctuation, 440 
interference, 439 
pattern, 443 
system, 436 

transmisHion, 428, 433 ff. 
errors in, 443 
Slip frequency, 297 
Sloping layer, 428 
Smallest resolved angle, 136 
Smooth eartli theory, 392 
Sodium chloride (Na(fl), 98 IT. 

Solar, 

activity, 326, 384 
effect of, 326 
index of, 330 
ionization radiation, 328 
ionizing agent, 322 


noise, 339, 350 
observations, 331 
radiation, 364 
Solid analysis, 263 
Sonne system, 431 
Source, 

electron bombardment 231 
gaseous discharge type, 228 
hot anode 228, 229 
ion 228 
spark 230 
Space charge, 
barrier, 34 
effect, 36 
repulsion, 107 
Spark, 

discharge, 230 
hot — ion source, 230 
Sparking, 55 
phenomena, 47 

Spectrograph, mass (see under “Spec¬ 
trometer”) 

Spectrograph, optical, 263 
Spectrographic measurements, mass, 254, 
265 

Spectrometer, mass, 168, 199 ff., 219 ff. 
aberration, second order, 207 
beta-ray -, 168 

commercially available 265 * 

crossed field 205, 208 
focusing, 208 
directional, 200 
perfect -, 211 
velocity, 240 
leak detection 264 
resolving power, 241, 243 
use of, 253 

Spectroscopy, mass, 210 ff. 

Spot distortion, 169, 183 ff. 
correction of, 195 ff. 
reduction of, 196 
Spray discharge, 117 
Stable orbit, 280 
Standar<l atmospherics field, 391 
Standard navigation system, 435 
Star map, world, 352 
Static mesthodH, 111 
Sticking pottmtial, 97 
Storage time, 150 
of eyt^, 146 
StratoviHion, 414 
Strontium, 4, 26 
oxide, 6, 9, 23, 42, 98, 101 
Bun, 

black body ra<liati<»n, 376 
cruptiona, 3ti6, 376, 378, 379 
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radio frequency radiation, 376 
zenith angle, 324 
Sunspot, 

activity, 376, 378, 385 
cycle, 326, 385, 420 
eruptions, 366, 376, 378, 379 
number, 327, 383 
Super XX film, 149, 158 
Suppressor, noise, 388 
Surface, 
wave, 391 
work function, 8 
Synchro-cyclotron, 289, 300 ff. 
Synchrotron, 289 ff., 394 ff. 
focusing, 292 

maximuna energy, 299, 300 
oscillation, 295 
phase focusing, 290 
proton —, 312 ff. 
required frequency, 302 
start, 298 

T 

Target, 157 
beryllium, 74 
filament form -, 95 
insulating -,152 
oxidized, 116 
photo-sensitive, 152 
probe 277 

television pickup tubes, 133 ff. 
thick —, 99 

Teleran system, 435, 436 
Television, 131 ff. 

amplifier, noise in, 155 
broadcast stations, 421 
color -,391 

noise in - circuit, 162 . 
pickup tubes, 131 ff. 

absolute performance scale, 139 

curve, 150 

design, 135 

lens of, 137 

noise, 145 

non-storage type, 150 
performance, 133 
performance, ideal, 135, 141, 142 
performance, measuring, 142, 143 
storage type, 151 
target, 133 ff. 
picture, 

formation, 132, 133 

noise visibility in, 160 

receiver, 132, 162 


spurious, pattern in, 155 
transmitter, 132 
tubes, 167, 196, 199 
spot distortion, 169 
Terrain, 

effect of, 390 
irregularities, 391 
Terrestrial agent, 322 
Test pattern, 142 
Thermal activation energy, 13 
Thermionic, 

current density, 29 
emission, 2, 29 ff. 

bombardment enhanced, 102 
direct current —, 9, 21 
emitter, 101 
work function, 31, 35 
Thermoelectric effect, 50 
Thickness dependence, 59 
Thin fiOlm, 
emission, 117 
method, 111 
phenomena, 114 
Three-station system, 444 
Threshold contrast, 136, 138, 143, 146 
Time delay, 318 
Time-difference method, 436 
Timing errors, 434, 446 
Torsion of optical axis, 201 
Tracers problem, 
biological, 265 
chemical, 265 
Transmission, 
coefficient, 32 
frequency, 390 
line, 362 

north-south —, 428 
path, 392 

by television to aircraft, 436 
Transmitter, radio, 427 
Transmitting antenna, 429 
FM -, 391 
height, 390 

Trap for electrons, 8, 18 ff. 

Triode method, 94, 102 
Tropospheric, 
ducts, 392 
layer reflection, 419 
waves, 402 

propagation, 405 
random -, 408 
Tubes, 

cathode ray, 167, 196 
television - (see under ‘‘Television 
pickup tubes ”) 
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Tungsten, 61, 68, 71 
filament, 36 

Two-dimensional deflection field, 173 

V 

Van de Graaff machine, 271 
Van der Waals’ adsorption, 75 
Vapor pressure, 11 
Velocity, 

distribution method, 112 
filters, 242 
focusing, 222 

spectrograph of Aston, 240 
selection analyzers, 247 
selector, 242 

Vibrating reed type of amplifier, 252 
Viscous gas flow, 232 
Visibility, noise, 160 
Vision, 
human, 146 
range, 426 
Visual process, 145 
Visual sensation, 147, 148 
Volatilization of solids, 237 
Voltmeter, electron beam, 112 

W 

Wallman low noise circuit, 363 
Wave, 

continuous system, 434 
front, orientation of, 428 
ground 
pattern, 443 
system, 436 
transmission, 428, 442 
transmission cffloiency, 434 
transmission, phase measurement, 
442, 450 

guide for linear accelerator, 309 


sky--, 

component, 428 
curve, 450 
fluctuation, 449 
interference, 439 
pattern, 443 
system, 436 

^ transmission, 428, 433 ff. 

Whiddington law, 90 

Whistle observation from meteor, 341 

Wien filter, 247 

Work function, 36, 69, 70 
lowering of, 72, 73 
measurement, 72, 73 
photoelectric, 34 
surface 8 
thermionic, 31, 35 
total -, 5 
tungsten, 229 

World star map, 352 

4 %! 

X-ray, 

critical potential, 72 
diffraction, 
analysis, 24 
pattern, 26 - 

technique, 5, 9,11 
high voltage - machine, 270 

Y 

Yield, secondary emission (see under 
“Secondary emission”), 67 ff., 98,99 

Z 

Zenith angle, sun’s, 324 

Zinc sulfides, secondary emission of, 98 



